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Abstract
The feasibility of reinforcing conventional fibre/polymer composites by grafting
carbon nanotubes (CNTs) onto the fibre surfaces has been investigated. Different
methods were developed for directly growing CNTs on silica and carbon (C320
and IM7) fibres. Pure and N-doped CNTs with controllable length were grown
on silica fibres using an injection chemical vapour deposition (ICVD) method.
The diameter and crystallinity of both types of CNTs increased during growth,
which proceeded via the base-growth mechanism. However, the nature surface of
carbon fibres is not favourable for the ICVD method. As an alternative, CNT-
grafted carbon fibres were produced using the incipient wetness technique or
electrochemical deposition to pre-load catalyst for subsequent CNT growth. The
effects of growth parameters on the morphology, density, and alignment of CNTs
were explored. The CNT-grafting process maintained or improved the fibre tensile
modulus, but resulted in strength degradations, to different extents, depending
on the fibre type and growth parameters. The impact of CNT-grafting on the
interfacial shear strength (IFSS) was studied using different micromechanical
interface tests, based on different fibre/polymer systems. The IFSS was unchanged
in push-out tests, likely due to an unusual internal failure of the fibres. In all
other cases, the IFSS was significantly increased. Single fibre pull-out tests on
C320 carbon fibre/epoxy composites showed a 60% increase, whilst fragmentation
tests on poly(methyl methacrylate) composites yielded improvements of 26% and
80-150% for IM7 carbon fibres and silica fibres, respectively. The improvements
can be attributed to the increased surface area, excellent fibre wettability by the
matrix and mechanical interlocking of CNTs with the matrix. In addition, a new
combined in situ AFM/Raman technique proved to be a useful tool to study CNT
distribution and orientation within hierarchical composites.
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Introduction
1.1 Motivation
The global market for carbon nanotubes (CNTs) is expanding steadily, with
current manufacturing capacity measured in thousands of metric tons per year,
using the chemical vapour deposition (CVD) methods (Evans, 2007). The rapid
growth has been stimulated by the extraordinary properties and huge range of
potential applications of CNTs, e.g. field emission, catalysts/catalyst supports,
electrochemical electrodes for batteries, capacitors, fuel cells, probes and sensors
(Endo et al., 2004; Terrones, 2004; Harris, 2009). However, one of the largest
opportunities, and the focus of this work, lies in the area of composite materials.
In addition to their extraordinary mechanical properties, where the strength,
modulus, and resilience are superior to any current materials, CNTs also possess
excellent electrical and thermal properties, which could confer the composites with
secondary characteristics, that makes them attractive for applications to a wide
range of structures and platforms (Hsiao, 2007). Many efforts have been made on
the production and characterisation of CNT-based polymer composites (Shaffer
25
1.1 MOTIVATION
and Sandler, 2007; Coleman et al., 2006a). Quite a few reports demonstrated
improvements in the mechanical properties compared with the related polymer
materials. However, the real use of this kind of composites has yet been limited by
several factors such as alignment, dispersion, interfacial bonding between CNTs
and matrix, and high cost of good quality CNTs.
Conventional fibre-reinforced polymer composites (Figure 1.1a) have made a
huge impact over the past half-decade, particularly in the aerospace and oil/gas
industries. Their superior mechanical properties and light weight, combined with
their chemical and weather resistance, make them ideal to be used in many
structural applications, including aircraft, automotive, sporting equipment, civil
and marine structures. Although the excellent in-plane properties are achieved by
using various configurations of fibre architectures, such as 1D unidirectional tapes
or 2D woven fabrics, the relatively weak compression and interlaminar properties
remain major issues (Tong et al., 2002).
Fibre Fibre
Matrix Matrix
CNTs
a b
Figure 1.1: Schematic diagrams of (a) conventional fibre-reinforced polymer
composites and (b) hierarchical polymer composites based on CNT-grafted fibres.
Interest is, therefore, growing in the development of hierarchical composites based
on CNT-grafted fibres (Figure 1.1b), where nanoscale reinforcement is utilised
alongside more traditional microscale reinforcing fibres. The intention is that the
presence of CNTs may alleviate the drawbacks of conventional fibre composites
associated with matrix properties. For example, the CNTs can offer both
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intralaminar and interlaminar reinforcement of the composites, thus improving
the delamination resistance. As pointed out earlier, CNT dispersion in the polymer
is severely constrained due to the viscosity and self-infiltration issues, resulting
in a limited loading fraction. Grafting CNTs onto the conventional fibre surface,
on the other hand, has the potential to provide higher loadings of CNTs with a
radial orientation that may be optimal for the transverse reinforcement. Other
advantages include uniform CNT distribution and straightforward composite
processing. In addition, the presence of CNTs at the fibre surface can improve
the fibre-matrix interfacial shear strength (IFSS), which is one of the key factors
determining the composite performance. Such reinforcement radial to the primary
fibres extending into the surrounding matrix, may also inhibit fibre microbuckling,
a critical composite failure mode under compressive loading (Jelf and Fleck, 1992).
1.2 Objectives
Although a few studies of the synthesis of carbon nanofibres or nanotubes on fibres
have appeared, improved understanding of the growth mechanism and better
control of the CNT morphology are required. In addition, there is little knowledge
regarding the impact of these nano-reinforcement on the properties of primary
fibres and performance of hierarchical composites. Therefore, the overall goal of
this work is to investigate the feasibility of reinforcing conventional fibre/polymer
composites by directly growing CNTs onto the primary fibre surfaces. A number
of specific objectives have been addressed:
• Develop a means of growing CNTs on both glass (silica) and carbon fibres.
• Investigate the effects of the growth parameters on the morphology, density
and alignment of the CNT-grafting and determine the optimum growth
parameters.
• Explore the influence of the CNT-grafting process on the properties of the
primary fibres, such as the surface area, wetting behaviour, tensile strength
and modulus.
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• Assess the impact of the CNT-grafting on the interfacial properties and
fracture behaviour of the hierarchical composites.
To achieve these objectives, the research involved the following methodologies:
• Chemical vapour deposition method was selected as the most appropriate
method for growing CNTs on fibres. However, different means of incorpo-
rating the required catalyst, such as precursor injection, incipient wetness
techniques, and electrochemical deposition, were developed for different
types of primary fibres.
• The CNT-grafting, produced under different growth parameters, such as
growth time, temperature, gas supply etc., was characterised and compared
using scanning and transmission electron microscopy, thermogravimetric
analysis (TGA), and Raman spectroscopy.
• The changes in surface area, wetting behaviour, and mechanical properties of
the primary fibres were investigated using BET surface area measurements,
contact angle measurements, and single fibre tensile tests, respectively.
• The interfacial shear strength of model hierarchical composites were charac-
terised using a number of micromechanical interface tests, including single
fibre pull-out, push-out and fragmentation tests, based on different polymer
matrices, supplemented by fractographic analysis.
1.3 Plan of the thesis
The thesis is divided into eight chapters and organised in the following sequence.
This first chapter describes the motivation and objectives. Chapter 2 provides
a background literature review containing relevant basic knowledge and recent
development of CNTs and their applications in composites. The materials and a
variety of characterisation methods used in this work are described in Chapter 3.
Chapters 4 through 7 present the experimental results on the fabrication and
characterisation of CNT-grafted fibres and their model composites. Chapters 4
28
1.3 PLAN OF THE THESIS
and 5 present the direct growth of CNTs on silica and carbon fibres, respectively, as
well as the determination of the optimum growth conditions. Chapter 6 reports the
impact of the grafting process on the surface and tensile properties of carbon fibres,
as well as the interfacial characteristics of their model hierarchical composites.
Similarities and distinctions between two types of carbon fibres (C320 and IM7)
are also highlighted. Chapter 7 concentrates on the silica fibres, presenting the
influence of the CNT-grafting on the properties of the fibres, polymer matrix and
model composites. Finally, conclusions and suggestions for future study are given
in Chapter 8.
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Literature Review
This chapter briefly reviews the structure, synthesis, growth mechanism and
properties of CNTs, as well as the development of CNT-reinforced polymer
composites. Subsequently, the basics of fibre-reinforced polymer composites and
various techniques for tuning their interfacial properties are introduced. Lastly,
an overview of the current progress towards CNT-based hierarchical composites is
presented.
2.1 Carbon nanotubes
2.1.1 Structure of CNTs
Although CNTs were first sighted in the 1950s (Hofer et al., 1955), and subse-
quently observed using high resolution transmission electron microscopy (TEM)
in the 1970s (Oberlin et al., 1976), their structure was clarified only in 1991
by Iijima. Since then, CNTs have received unprecedented attention from both
academia and industry. CNTs can be divided into two main types, single-walled
and multi-walled. Single-walled carbon nanotubes (SWCNTs) consist of a single
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layer of the graphite structure (a graphene) wrapped seamlessly into a cylindrical
tube (Figure 2.1a), with typical diameters around 1 nm and lengths up to several
centimetres (Zhu et al., 2002; Zheng et al., 2004). The properties of SWCNTs, in
particular the electronic properties, strongly depend on the atomic arrangement,
i.e. how the graphene sheets are rolled. The atomic structure is represented in
terms of the chiral vector:
Ch = na1+ma2. (2.1)
Considering the hexagonal lattice shown in Figure 2.1b, the unit cell vectors of the
two dimensional lattice are defined by a1 and a2. The integers n and m denote
the numbers of unit vectors along two directions in the honeycomb-like crystal
lattice of graphene that make up the chiral vector. The angle θ between Ch and
a1 is defined as the chiral angle. The axial direction (noted as T in Figure 2.1b)
of SWCNTs is perpendicular to the chiral vector. The chiral indices (n,m) are
generally used to label SWCNTs. If n = 0 or m = 0 (θ = 0◦), the SWCNTs are
called ‘zigzag’. If n = m (θ = 30◦), they are called ‘armchair’. In other cases, they
are called ‘chiral’. It is well-known that a SWCNT is metallic when (n−m) is a
multiple of three. Otherwise, it is semiconducting (Dresselhaus et al., 2001).
Figure 2.1: Schematic diagrams of (a) individual layers of graphene, and how this
could be rolled in order to form a CNT (Endo et al., 2004) and (b) atomic structure
of CNTs.
Multi-walled carbon nanotubes (MWCNTs) comprise a set of concentric SWCNTs,
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which are bound together by the Van der Waals interaction between layers, where
the interlayer spacing is 0.34 nm (Saito et al., 1993). The inner diameter of
MWCNTs is on the order of a few nanometres and the outer diameter varies
from a few nanometres up to around 100 nm depending on the number of layers.
The typical lengths are on the order of micrometres, but can reach centimetres
in special cases (Hong et al., 2005; Li et al., 2008). In general, the properties of
MWCNTs depend on their chirality, diameter, length and crystallinity (Andrews
et al., 2002b). The unique structure of CNTs implies a very high aspect ratio and
specific surface area.
2.1.2 Synthesis of CNTs
The MWCNTs observed by Iijima (1991) were synthesised as a by-product using
an arc discharge evaporation method related to fullerene synthesis. Ebbesen
and Ajayan (1992) reported the first macroscopic production of MWCNTs in gram
quantities using the same method. The arc discharge technique generally involves
the use of two high-purity graphite rods as the anode and cathode. A voltage
is applied to create a stable arc under a helium atmosphere. CNTs, as well as
other forms of carbon, are deposited on the cathode (Figure 2.2). This technique
produces SWCNTs if the anodes are doped with a small amount of metallic catalyst
particles, e.g. iron (Fe), cobalt (Co), nickel (Ni) etc. (Iijima and Ichihashi, 1993;
Bethune et al., 1993; Saito et al., 1996; Journet et al., 1997).
Laser ablation provides an alternative route to the synthesis of CNTs. The
basic idea of this technique is using a laser to vaporise a graphite target under
an inert atmosphere. The condensed product is then collected on a water-
cooled target at the end of the apparatus (Figure 2.3). Early studies showed
that MWCNTs were produced using a pure graphite target (Guo et al., 1995).
By adopting graphite/metal targets in the experiments, SWCNTs were then
successfully synthesised (Thess et al., 1996; Rinzler et al., 1998; Yudasaka et al.,
1999). Conceptually similar to the arc method, laser ablation is generally used
to produce high quality SWCNTs with a degree of diameter control. Both the
arc discharge and the laser ablation methods are limited in the volume and
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purity of the products; attempts to scale-up production have not proved successful.
Though the resulting CNTs are of high crystallinity, subsequent purification
steps are necessary to get rid of undesirable by-products, particularly graphitic
nanoparticles. The gas-phase chemical vapour deposition (CVD) techniques, first
developed in the 1970s, provide a means to avoid these limitations.
Figure 2.2: Schematic diagram of the arc discharge apparatus (Saito et al., 1996).
Figure 2.3: Schematic diagram of the laser-vaporisation apparatus (Guo et al.,
1995).
Vapour methods have been known for a long time as an effective technique for
the production of carbon filaments and fibres (Davis et al., 1953; Baird et al.,
1971; Baker and Harris, 1978). Endo (1988) first produced both CNTs and
33
2.1 CARBON NANOTUBES
Figure 2.4: Schematic diagram of the aerosol pyrolysis apparatus (Mayne et al.,
2001).
carbon nanofibres via the catalytic decomposition of benzene vapours over iron
catalysts at 1100◦C. Since then, numerous studies have reported the production of
SWCNTs and MWCNTs over pre-formed or supported catalysts via the catalytic
decomposition of carbonaceous gases or vapours (Li et al., 1996; Hernadi et al.,
1996; Fan et al., 1999; Cassell et al., 1999; Cheng et al., 1998). Meanwhile, many
research groups have reported the methods involving the pyrolysis of solutions
containing both the catalyst precursor and the hydrocarbon source, including
injection chemical vapour deposition (ICVD) (Andrews et al., 1999; Ci et al.,
2001; Zhang et al., 2002b; Singh et al., 2003a,b) and aerosol-assisted chemical
vapour deposition (AACVD) (Mayne et al., 2001; Grobert et al., 2001; Pinault
et al., 2004) (Figure 2.4). These methods have the advantage of producing large
quantities of CNTs and avoiding the time-consuming preparation of catalyst
particles or catalyst-loaded substrates. In addition, other studies (Ren et al.,
1998; Teo et al., 2004) indicated that the use of plasma-enhanced chemical vapour
deposition (PECVD) lowers the reaction temperature and increases the deposition
rate and alignment of the CNTs on surfaces. The straightforward thermal
CVD method can intrinsically be scaled up to large volumes and is the most
common commercial production technique. The product is typically relatively
pure, containing predominantly CNTs except for the metal catalyst that remains
trapped within. However, the CNTs themselves tend to have relatively low
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crystallinity and to be wavy, curved, and often entangled. Nevertheless, CVD
techniques offer a promising route to large scale production of CNTs, meeting the
criteria for composite research, i.e. low cost, bulk production, high purity, and
acceptable quality.
2.1.3 Growth mechanism of CNTs
Different growth mechanisms of CNTs via CVD techniques have been proposed, as
an extension of the commonly accepted growth mechanisms that account for the
formation of carbon filaments via pyrolytic approaches (Terrones, 2003). These
mechanisms generally adopt the concepts of the vapour-liquid-solid (VLS) theory
(Wagner and Ellis, 1965; Tibbetts, 1984) and can be roughly divided into two
major types depending on the position of the catalyst particles with respect to
the substrate:
a) Tip growth mechanisms:
Baker et al. (1972) first proposed that the decomposition of the hydrocarbon vapour
on the top surfaces of liquid-like metal catalysts is exothermic and creates a
temperature gradient across the catalytic particle. The carbon fragments then
diffuse through the particle and precipitate at the other side in the form of
graphite, leaving the metal particle at the tip of the growing tube. This process
continues until the activity of the catalytic particles is neutralised or the carbon
species stop reacting with the particles (Figure 2.5a). Another explanation of the
tip-growth mechanism was proposed by Baird et al. (1974) and Oberlin et al.
(1976). They postulated that carbon filaments or tubules grow through carbon
diffusion on the surface of the catalytic particles (Figure 2.5b). This model was
supported by a more recent study (Hofmann et al., 2005), which demonstrated
a much lower activation energy for carbon surface diffusion than that for bulk
diffusion.
b) Base growth mechanisms:
These mechanisms occur when the catalyst particle remains bound to a substrate
and acts as a carbon ‘extruder’ (Figure 2.5c). Tibbetts (1983) observed that the
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a
b
c
Figure 2.5: Schematic illustrations of growth mechanisms proposed for carbon
filaments and tubules (Terrones, 2003): (a) carbon diffusion through catalytic
particles at the tip, (b) carbon diffusion on catalytic particles at the tip and (c)
carbon diffusion through catalytic particles at the base.
carbon filaments grow from their base, over substrate-supported catalysts. In
the case of CNTs, Fan et al. (2003) used a 13C labelling method to confirm the
base-growth of CNTs during a thermal CVD process. Subsequently, Pinault et al.
(2005) reported the synthesis of CNT multilayers through sequential injections
and discovered that any sequence involved the growth of each new layer on the
substrate surface underneath the pre-existing layers. This work provides a strong
evidence of the base-growth mechanism during the ICVD/AACVD process.
Generally, the growth of CNTs can be divided into four processes regardless of the
growth mechanism: 1) adsorption of the hydrocarbon precursor molecule on the
catalyst surface, 2) decomposition of the precursor molecule, 3) diffusion of the
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growth species in or on the catalyst particle, and 4) nucleation and incorporation
of carbon into the growing structure (Hofmann et al., 2005). It is noted that the
carbon diffusion parameters strongly depend on the dimension and position of the
catalytic particles, the characteristics of catalyst metal, the substrate materials,
the reaction temperature and hydrocarbon source involved in the growth process.
Thus a variety of growth mechanisms, including tip growth, base growth and the
combination of these two mechanisms, can be observed in different experiments
(Zhang et al., 2002b; Deck and Vecchio, 2005).
2.1.4 Mechanical properties of CNTs
The carbon-carbon covalent bond in graphite is known to be one of the strongest
in nature. Bacon (1960) reported that graphite whiskers have strength of 20 GPa
and modulus of 700 GPa, providing a lower bound for the performance of perfect
CNTs. Despite the experimental challenges involved, the evidence suggests that
CNTs indeed possess superior strength and modulus. A series of theoretical
studies provide similar conclusions about CNT mechanical properties, with early
studies predicting a very high structural rigidity (Overney et al., 1993) and Young’s
modulus (around 1 TPa), more or less independently of the specific SWCNT
geometry (Lu, 1997).
The first actual mechanical measurements were made by Treacy et al. (1996) on
relatively perfect arc-grown MWCNTs using the TEM. Based on the measured
amplitude of intrinsic thermal vibrations, they calculated the elastic modulus of
CNTs, which was in a range of 0.40-4.15 TPa, with the average value around
1.8 TPa. Shortly afterwards, Wong et al. (1997) carried out the first direct
mechanical measurements on individual arc-grown MWCNTs using the atomic
force microscopy (AFM). Load was applied, by means of the AFM tip, to the
nanotube pinned at one end. The bending force was measured as a function
of the displacement and an average value of 1.28 TPa was obtained for Young’s
modulus, and 14.2 GPa for bending strength. In addition, Falvo et al. (1997)
observed that arc-grown MWCNTs could be bent repeatedly to large angles using
an AFM tip, without undergoing catastrophic failure. Subsequently, the stress-
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strain measurements on individual arc-grown MWCNTs (Yu et al., 2000b) and
SWCNT ropes (Yu et al., 2000a) were reported. The CNTs were attached at
each end of a section length onto the opposing AFM tips. Each nanotube section
was then loaded and observed in situ using the scanning electron microscopy
(SEM). It was found that the MWCNTs failed via a ‘sword-in-sheath’ mechanism
(Figure 2.6), the tensile strengths and Young’s moduli of the outermost layer
ranged from 11 to 63 GPa and from 270 to 950 GPa, respectively. For the SWCNT
ropes, by assuming that the load was carried by the SWCNTs on the perimeter, the
calculated tensile strengths and moduli were 13-52 GPa and 320-1470 GPa (mean
1002 GPa), respectively.
Figure 2.6: SEM images showing the fracture of an individually loaded MWCNT
via a ‘sword-in-sheath’ mechanism (Yu et al., 2000b).
Mechanical measurements have also been performed on CVD-grown CNTs, which
are expected to display reduced mechanical properties due to their relatively
lower structural quality. Salvetat et al. (1999) performed measurements on
highly defective CVD-grown MWCNTs using the AFM technique and reported
that the Young’s modulus values were between 10 and 50 GPa. Xie et al. (2000)
subsequently made stress-strain measurements on CVD-grown MWCNT bundles
obtaining an average strength of 3.6 GPa and modulus of 450 GPa; these values
represent lower bounds given the difficulty of loading all the nanotubes equally
within the bundle.
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2.1.5 Electrical and thermal properties of CNTs
CNTs possess remarkable electrical and thermal properties. Owing to their
relatively large diameter, MWCNTs have similar electronic properties to graphite
(Benedict et al., 1995), which is known as semi-metal with an in-plane conductivity
about 2.5×106 S/m (Charlier and Issi, 1996), although there is a strong dependence
on the defect concentration. The electronic properties of SWCNTs strongly depend
on their diameter and atomic arrangement, specifically the relative orientation
of the graphene lattice and the nanotube axis (called the helicity or chirality of
the nanotube, refer to Figure 2.1b, page 31). As diameter increases, SWCNTs
tend towards the behaviour of graphite. SWCNTs with the same diameter can be
semiconducting or metallic based on their chirality (Odom et al., 1998; Wildöer
et al., 1998). Due to the one dimensional character, electronic transport can occur
ballistically along the nanotube axis, enabling the CNTs to carry uniquely high
currents, up to 109 Acm−2 (Yao et al., 2000); this property combined with the
high aspect ratio has encouraged applications in field emission (Frank et al., 1998;
Zhu et al., 1999). In addition, since phonons can also propagate easily along the
nanotube axis, CNTs are expected to be excellent thermal conductors in the axial
direction and insulators transversely. The thermal conductivity for an individual
MWCNT has been measured to be as high as 3300 W/mK (Kim et al., 2001).
The superior mechanical and transport properties of CNTs are expected to confer
important benefits to CNT-based composite materials. In addition, a number of
secondary characteristics have emerged that provide additional benefits, e.g. flame
retardance, solvent resistance, surface finish, etc.
2.1.6 Nitrogen-doped CNTs
The electronic, vibrational, chemical and mechanical properties of CNTs can be
tailored by replacing some of the carbon (C) atoms with either boron (B) or nitrogen
(N), due to their similar atom size and capability to serve as p- or n-type dopants
(Terrones, 2004; Koós et al., 2009). By using N-containing precursors, N-doped
carbon nanotubes (CNx-CNTs) can be synthesised using the same methods as
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(a) (b)
Figure 2.7: (a) TEM image of CNx-CNTs with bamboo-type internal structure. (b)
Proposed mechanism for the growth of CNx-CNTs (reproduced from Reyes-Reyes
et al. (2004)).
pure CNTs, such as arc discharge evaporation, later ablation and CVD techniques
(Terrones, 2004; Koziol et al., 2005; Liu et al., 2005). The morphology and
structure of CNx-CNTs are usually reported as straight, highly-packed nanotubes,
possessing stacked-cone or bamboo-type (Figure 2.7a) internal structures (Koziol
et al., 2005; Ducati et al., 2006). Reyes-Reyes et al. (2004) proposed a mechanism
to explain the formation of the bamboo-like structure (Figure 2.7b). The growth
of CNx-CNTs followed a base growth mechanism, i.e. the iron particles remained
fixed to the substrate while the C and N species extruded upwards. Owing to the
extrusion force, the elongation of the iron particles was observed and resulted in
different diffusion and growth rates of C/N species between outer and inner shells,
which created the characteristic bamboo-like structure of CNx-CNTs. A similar
mechanism was subsequently reported by Su et al. (2008). Two main types of
C-N bonding could occur in CNx-CNTs; one is the graphite-type (substitutional)
N (N coordinated to three C atoms in a sp2-like manner) and another is the
pyridine-type N (N bonded to two C atoms, creating cavities and corrugation in
the nanotube structure). The incorporation of N atoms in the hexagonal network
has been demonstrated to create reactive sites and establish efficient CNT-matrix
interactions in composites (Terrones, 2004; Ajayan et al., 2005). Presumably,
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CNx-CNTs of controlled composition would be advantageous in the fabrication of
materials with tailored electronic and mechanical properties (He et al., 2005).
2.2 Composites
2.2.1 Fundamentals
Composites are a material having two or more constituent phases with different
properties that are separated by a distinct interface (Matthews and Rawlings,
1999). Generally, the stronger constituent phase is called the reinforcement,
distributed as discrete elements within the composites. The reinforcement can be
in the form of particles, flakes, whiskers, short fibres, continuous fibres and sheets.
It turns out that most reinforcements used in composites have fibrous form due to
their high strength and modulus (Chawla, 1998). The other phase, which bonds
the reinforcement elements together and percolates throughout the composite,
is called the matrix, which could be metal, ceramic, or polymer (Mortensen,
2006). The mechanical properties of the matrix is enhanced or reinforced by
the reinforcement and the resulting composite materials are intended to deliver
a better performance than any constituent material on its own.
2.2.2 Carbon fibre-reinforced polymer composites
Since the 1960s, carbon fibre-reinforced polymer (CFRP) composite materials
have made a huge impact, particularly in the aerospace and oil/gas industries.
Their superior specific mechanical properties, combining with their chemical and
weather resistance, make them ideal to be used in many structural applications,
including aircraft, sporting equipment and marine structures, etc.
2.2.2.1 Carbon fibres
Carbon fibres are fibrous carbon materials, with carbon content more than 90%
(Bahl et al., 1998). The most common commercial method used in the production
of continuous carbon fibres is thermal decomposition of various organic fibre
precursors, such as polyacrylonitrile (PAN), petroleum pitch and cellulose (rayon).
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Among these precursor materials, PAN has received the most attention for the
development of high performance carbon fibres, owing to its fast pyrolysis rate,
high carbon yield and good orientation preference (Bahl et al., 1998). Figure 2.8
illustrates the main steps involved in the manufacturing of PAN-based carbon
fibres. PAN, as the starting material, is first spun into PAN fibres using spinning
techniques, e.g. wet spinning, which is the most widely used method. The quality
of PAN fibres has significant influence on the carbon fibre performance since the
strength-limiting flaws in carbon fibres are developed from impurity particles in
the PAN precursor fibres. The PAN fibres are then thermally stabilised in air in
the temperature range of 180◦C to 300◦C. This stabilisation step is to crosslink the
as-spun structure, insuring that both the molecular and fibrillar orientation will
not be damaged during the final heat treatment (Edie, 2003). Stabilised PAN fibres
are converted into carbon fibres by thermal treatments in an inert atmosphere, i.e.
carbonisation and graphitisation. All elements other than carbon are eliminated
in the carbonisation process. The fibre structure is further perfected by increasing
the size and alignment of the graphite crystallites during the graphitisation
process at about 2000-3000◦C. The heat treatment temperatures directly affect the
graphite structure and mechanical properties of the final carbon fibre products.
After final heat treatment, most carbon fibres are given a surface treatment to
improve the chemical reactivity.
Spinning Stabilisation
180 - 300°C
Carbonisation
1000 - 1500 °C
PAN
Graphitisation
2000 - 3000 °C
Surface
Treatment
Carbon Fibres
Figure 2.8: Process steps of carbon fibre production from PAN.
Because the reinforcing carbon fibres determine, to a large extent, the strength
and modulus of the composites, many efforts have been made to understand the
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mechanical properties of carbon fibres and their relationship to the fibre structure
(Johnson, 1987; Edie and Stoner, 1993; Morgan, 2005). It is well-accepted that
the structure of the graphite crystallites in carbon fibres is not perfect. The
layer planes of carbon are slightly offset, resulting in what is termed turbostratic
graphite (Edie and Stoner, 1993), as shown in Figure 2.9b. These turbostratic
layers of carbon fibres result in lower fibre modulus compared to that of graphite.
However, the interlinked turbostratic nature of the crystallites (Figure 2.9c) serves
as a crack-hindrance mechanism as the local failures of misoriented crystallite
occur before the catastrophic failure of the fibre, therefore increases the fibre
tensile strength. By changing reaction conditions during the processing steps,
different fibre microstructure can be obtained, leading to a variety of mechanical
properties of carbon fibres.
a
b
c
d
Figure 2.9: Schematic representations of (a) highly ordered graphite structure, (b)
less ordered turbostratic graphite structure (Hoffman et al., 1991), (c) misoriented
crystallite linking two crystallites parallel to the fibre axis and (d) PAN-based
carbon fibre structure (Johnson, 1987).
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2.2.2.2 Polymer matrices
Polymer matrices used for composite materials can be divided into two types:
thermosets and thermoplastics. Thermosets are polymer materials that undergo
a permanent chemical reaction that involves cross-linking of polymeric chains
during the curing process; an addition of energy (heat, irradiation and so on) is
sometimes required. Epoxy and phenolic resins are commonly used thermoset
materials. The other type of matrix is thermoplastic, which can be repeatedly
heated and cooled to alter its shape. A large number of thermoplastics are widely
used in material industry, such as polystyrene (PS), polypropylene (PP), polyether-
ether-ketone (PEEK) and so on. Thermoset materials are generally stronger than
thermoplastic materials due to their 3D network of cross-linked bonds and are
more suitable for high temperature applications due to their excellent property
retention over a broad range of temperatures. The resin matrix in the composite
protects the fibres from wear and abrasive damage and provide load transfer
among fibres.
2.2.2.3 Fibre/matrix interface
A true fibre-reinforced material may be defined as one in which almost all of
the load is carried by the fibres, so that the in-plane strength and modulus are
governed by the properties of the fibres. However, the interfaces between fibres
and matrices play important roles in controlling the properties of the composite
(Proctor, 1972). A good adhesion between fibres and matrices is a precondition for
stress transfer in the composites. Thus considerable research has been carried out
on the surface modifications of carbon fibres.
Surface treatments may be classified into oxidative and non-oxidative treatments.
Oxidative surface treatments typically add functional groups, remove weak outer
layers of the fibre and texture the fibre surface for increasing interfacial area. The
oxidative treatments can further be subdivided into liquid-phase (also called wet
chemical) oxidations (Druin and Dix, 1975; Wu et al., 1995), plasma treatments
(Bismarck et al., 1999a; Ho et al., 2007b), dry gaseous oxidations (Bismarck et al.,
1999b), and electrolytic oxidations (Kozlowski and Sherwood, 1986; Alexander and
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Jones, 1995). Liquid phase oxidations have been found to be effective in improving
the shear properties of CFRPs (Peng et al., 1998). Various types of oxidising agents
have been used, such as nitric acid, acidic potassium permanganate, and sodium
persulfate (Morgan, 2005). Wu et al. (1995) demonstrated that the acid oxidation
effectively created acidic functional groups on the fibre surface, and the acidic
capacities of carbon fibres increased with oxidation time. However, with increasing
oxidation time, the tensile strength decreased, due to the defects on fibre surface
caused by the etching process.
Non-oxidative treatments that improve adhesion usually consist of depositing
whiskers (Rabotnov et al., 1974; Kowbel et al., 1997), pyrolytic carbon (McKee,
1970) or grafting polymer chains (Liang et al., 1994) on the carbon fibre surface.
The whiskerisation method involves growing single crystals of various materials,
such as oxides, carbide, nitride etc., on the fibres. It was pointed out that a uniform
distribution of whiskers on the surfaces was a key factor to obtain maximum
improvement. Also, the mechanical properties of the whiskerised CFRPs were
functions of the volume content of the whiskers in a composite (Rabotnov et al.,
1974). Significant improvements of the interlaminar shear strength (ILSS)
have been demonstrated (Kowbel et al., 1997), which were attributed to the
through-thickness reinforcement and increases in the interfacial area. Compared
with conventional whiskers, CNTs possess higher mechanical properties and
better electrical and thermal conductivity (Calvert, 1996). Thus, CNTs are a
natural choice for reinforcing spaces, where conventional whiskers cannot be
accommodated and may be able to deliver rapid improvements in this context.
2.2.3 CNT-reinforced polymer composites
The reported properties of CNTs have led to extensive studies on production
and characterisation of CNT-reinforced composites, especially in polymer ma-
trices (Harris, 2004; Coleman et al., 2006a,b; Shaffer and Sandler, 2007). A
range of different processing techniques have been reported for the production
of CNT/polymer composites. One of the most commonly used techniques is
solution casting, which involves mixing CNT dispersions with polymer solutions
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by energetic agitation, such as magnetic stirring, shear mixing and ultrasonication
(Qian et al., 2000; Cadek et al., 2004; Dalmas et al., 2005). Composite films
can be obtained following the evaporation of solvent. Direct mixing is generally
applied to thermosetting polymers, in which the CNTs are dispersed by either
mechanical mixing or sonication, into a low-viscosity thermosetting resin such as
epoxy (Ajayan et al., 2000; Gojny et al., 2003), or thermoplastic polymers, for which
standard melt processing techniques can be used (Andrews et al., 2002a; Sandler
et al., 2003). These approaches generally have the advantages of simplicity
and compatibility with standard industrial techniques. In addition, CNT-based
polymer composites can be produced via in situ polymerisation (Kumar et al.,
2002; Zhu et al., 2003a; Gao et al., 2005) in the presence of CNTs, providing a
better dispersion of CNTs and a stronger interface between the CNTs and the
polymer matrix. This technique is particularly important for the preparation of
insoluble and thermally unstable polymers, which can not be processed by solution
or melt processing (Coleman et al., 2006a). Recently, a number of new processing
techniques are reported, including infiltration methods (Coleman et al., 2003;
Wang et al., 2004), layer by layer (LBL) deposition methods (Mamedov et al., 2002;
Olek et al., 2004) and fibre spinning techniques (Vigolo et al., 2000; Ko et al., 2003).
These new techniques are characterised by a higher loading and better alignment
of CNTs in the polymer.
Early studies of mechanical properties of CNT-based polymer composites showed
relatively low reinforcement, in many cases due to the poor dispersion and/or
stress transfer in the system. Subsequently, typical improvements in tensile
strength and modulus of around 50-100% have been observed at modest loadings
(often around 1 wt% for solution-processed composite systems or 15 wt% for melt-
processed thermoplastics composites), for both arc-grown (Shaffer and Windle,
1999; Cadek et al., 2002) and CVD-grown (Qian et al., 2000; Bai, 2003; Sandler
et al., 2004) CNTs. In addition, SEM fractography and in situ TEM studies suggest
that CNTs can provide a toughening role in brittle matrices by crack deflection,
bridging and pull-out (Figure 2.10). Further improvements at higher loading
fractions have remained elusive in part due to the difficulty of processing higher
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loading fractions whilst maintaining a good dispersion, and in part due to the
fundamental nature of nanocomposites, e.g. the very high surface area of CNTs
(especially SWCNTs) implies that it becomes difficult to provide enough matrix to
wet all of the filler surface. On the other hand, the higher the surface area, the
greater the impact of the CNTs on matrix (Shaffer and Sandler, 2007). Therefore,
several other authors have suggested that the optimum nanotubes for composite
modulus enhancement may prove to be small diameter CVD-grown MWCNTs
(Shaffer and Kinloch, 2004; Cadek et al., 2004; Coleman et al., 2004).
Figure 2.10: TEM image showing the MWCNTs tend to align and bridge the crack
wake then break and/or pull out of the matrix (Qian et al., 2000).
Using more specialised processing techniques, more significant improvements
in mechanical properties of CNT-based polymer composites have been reported,
highlighting the potential of such systems. Kumar et al. (2002) reported an
increase from 138 GPa to 167 GPa in poly(p-phenylenebenzobisoxazole) (PBO)
modulus on addition of 10 wt% SWCNTs via in situ polymerisation; the strength
was improved from 2.6 GPa to 4.2 GPa. Although the relative improvement is
similar to the more standard CNT composite systems, the absolute values are high
and represent an improvement in a high performance, state-of-the-art polymer
fibre, implying a very significant contribution from the reinforcement. The LBL
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assembly of SWCNT films (with addition of 50 wt% SWCNTs), showed significant
improvements in elastic modulus (from 0.3 GPa to 11 GPa) and tensile strength
(from 9 MPa to up to 325 MPa) (Mamedov et al., 2002). This result is several orders
of magnitude greater than the strength of bulk industrial plastics, indicating
the value of the CNT/polymer composites. In addition, improvements have been
demonstrated on composites produced by infiltrating polymer into existing CNT
structures, such as buckypaper (Coleman et al., 2003; Wang et al., 2004), CNT
fibre (Li et al., 2004; Mora et al., 2009), and CNT forest (Lahiff et al., 2006; Wardle
et al., 2008).
Although a number of improvements in mechanical properties have been reported
for the CNT-based composites, considerable further development is required to
move towards exploiting the full mechanical performance of CNTs. Several critical
problems remain, including the dispersion and alignment of high loading fractions
of CNTs, optimising the chemistry to provide interfacial bonding between CNTs
and matrix, and optimising the intrinsic structure and geometry of the CNTs
themselves.
2.2.4 Hierarchical composites with CNT-reinforced polymer
With the development of CNT-reinforced polymer composites, interest is rapidly
growing in incorporating CNTs into the polymer matrices of conventional fibre-
reinforced composites, in order to address the critical shortcomings related to the
matrix, such as weak compression and interlaminar properties. The result will be
a hierarchical structure, where nanoscale reinforcement is made to work alongside
more traditional microscale architecture.
The most straightforward manufacturing process for hierarchical composites with
CNT-reinforced polymer can be divided into two parts, first, mixing the CNTs
into the resin system, and then infusion/impregnation into the primary fibres.
The CNTs can be mixed into polymer matrix as described above; once again a
uniformly distribution of CNTs is critical for gaining improvements in composite
properties. Resin transfer moulding (RTM) is a typical method used for resin
infusion process for fabricating hierarchical composites (Fan, 2004; Gojny et al.,
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2005). In this approach, the liquid resin infiltrates a fibre preform inside a mould
due to the pressure variations between the injection gate and vent. Vacuum-
assisted resin transfer moulding (VARTM) has been reported as a more efficient
route for manufacturing hierarchical composites (Sadeghian et al., 2006; Qiu et al.,
2007; Fan et al., 2008; Green et al., 2009). Compared with RTM, for which a
high injection pressure and a strong solid mould are necessarily required, VARTM
is preferred for the production of large and complex composite structural parts.
One of the main problems in this approach to fabricate hierarchical composites is
that the viscosity of modified matrix increases dramatically with increasing CNT
content, leading to incomplete matrix impregnation (Gojny et al., 2005). Moreover,
the size of the CNTs can lead to filtering effects against the primary fibres, leading
both to CNT agglomeration and depletion, which could significantly degrade the
composite performance (Sadeghian et al., 2006; Fan, 2004). Attempts, so far, have
been limited to low percentage loadings of CNTs within the polymer matrix.
Mechanical tests of hierarchical CNT/epoxy composites with glass (Gojny et al.,
2005) and carbon (Iwahori et al., 2005) primary fibres produced using RTM tech-
niques, have confirmed that, as expected, the fibre dominated in-plane properties
are not significantly changed. However, matrix-dominated properties, particularly
the ILSS, were improved (Gojny et al., 2005). Similar results have been obtained
by others using short beam shear (Qiu et al., 2007; Green et al., 2009) and
compression shear test (Fan et al., 2008) to measure the ILSS. These studies
also indicated that the preferential alignment of CNTs in through thickness
direction and the strong interface bonding between functionalised CNTs and
matrix and could lead to greater improvements. Delamination resistance, another
matrix dominated mechanical property, has been investigated using Mode-I double
cantilever beam and Mode-II end-notched flexure tests. Yokozeki et al. (2007)
successfully obtained significant improvements in fracture toughness, which were
around 100% and 30% for Mode-I and Mode-II respectively, demonstrating the
effect of CNTs in delaying the onset of matrix cracking. A similar increase in
Mode-I fracture toughness was reported recently (Godara et al., 2009).
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Figure 2.11: (a) Illustration of the transfer-priting process. (b) Optical image of
the CNT forest fully transferred to the prepreg ply. (c)-(d) Illustrations of the ideal
hierarchical interlaminar architecture with CNTs placed in between two plies of a
laminated polymer composites (reproduced from Garcia et al. (2008a)).
Meanwhile, several research groups have demonstrated toughening of the in-
terlaminar regions of composites by introducing CNT layers in between the
fibre/matrix plies (Hsiao, 2003; Thakre et al., 2006; Zhu et al., 2007; Arai et al.,
2008; Garcia et al., 2008a). In most cases, CNTs were first dispersed in organic
solvent and then sprayed on fibre/matrix prepreg materials. Recently, Garcia
et al. (2008a) developed a transfer-printing process, in which the aligned CNT
mats were removed from the original growth substrates and then transferred to
tacky prepregs using a roller (Figure 2.11). This process maintained the CNT
alignment in the through-thickness direction. Investigations of the effects of CNTs
on the interlaminar properties were carried out. It was reported that the ILSS
of composites, which containing CNTs between laminar layers, can be increased
by 1.8% to 45%, depending on the type, content and surface chemistry of CNTs
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that were incorporated in the composite system (Thakre et al., 2006; Zhu et al.,
2007). Moreover, the CNTs in the interlaminar regions clearly arrest the onset
of delamination; three-fold improvements in both Mode-I and Mode-II fracture
toughness, have mainly been attributed to interleaving or bridging toughening
mechanisms (Arai et al., 2008; Garcia et al., 2008a).
2.2.5 Hierarchical composites with CNT-grafted fibres
As discussed above, hierarchical composites based on impregnation of filled resins
are severely limited by viscosity and self-filtration issues. In addition, the resin
flow during the impregnation tends to align the CNTs parallel to the primary
fibres, which is the least desirable orientation for enhancing through-thickness
performance. Grafting CNTs onto the conventional fibre surface, on the other
hand, could provide higher loadings of CNTs with a radial orientation that is
expected to be optimal for transverse reinforcement. This method also alleviates
the problem of agglomeration commonly observed when CNTs are freely dispersed
in resin. Moreover, the presence of CNTs on the fibre surface can improve the
fibre-matrix interface, thus increase the composite delamination resistance. Such
reinforcement radial to the fibres, extending into the surrounding matrix, may
also inhibit fibre microbuckling, which is a critical composite failure mode under
compressive loading (Jelf and Fleck, 1992).
Four different techniques to graft or deposit the nano-reinforcement onto fibres
have been reported so far: (1) Direct growth of CNTs on fibres; (2) Electrophoretic
deposition (EPD) of CNTs on fibre surfaces; (3) Chemical reactions between
functionalised CNTs and fibres and (4) CNT-sizing on fibres. As early as 1991,
Downs and Baker reported a novel structure which involves the generation of
CVD-grown carbon microfibres on carbon fibres. Thostenson and Chou (2002) first
successfully synthesised CNTs via thermal CVD on the surface of carbon fibres,
having predeposited the metal catalyst onto the fibre surface. Subsequently, the
effects of growth conditions, such as temperature, catalyst, hydrocarbon source
etc., were investigated (Zhu et al., 2003b; Cesano et al., 2005; Jo et al., 2005).
Similarly, injection CVD techniques have been used to grow CNTs on both carbon
51
2.2 COMPOSITES
fibres (Zhao et al., 2005) and ceramic fibres (Ci et al., 2005; Yamamoto et al., 2009),
although the growth was much more uniform in the ceramic system. In general,
the growth of CNTs on carbon fibres is challenging, due to the necessary partial
solubility of the catalyst in carbon. PECVD has also been used successfully to
active catalysts at lower temperatures and increase the alignment of CNTs on
fibre surfaces Boskovic et al. (2005).
Due to the potential damage of the primary fibre during CNT growth and the
difficulty of controlling the nature of the CNTs grown (Zhu et al., 2003b), other
grafting techniques have been proposed for carbon fibres. Bekyarova et al. (2007)
demonstrated that a uniform deposition of CNTs on the surface of carbon fabric
can be obtained by using EPD techniques. Deposition of CNTs on fibre surfaces
can be alternatively achieved via CNT-containing polymer sizing (Barber et al.,
2004; Siddiqui et al., 2009). Recently, some research groups (He et al., 2007;
Laachachi et al., 2008) have also developed chemical methods to covalently graft
functionalised CNTs onto oxidised carbon fibres. However, compared with the
direct growth method, techniques based on EPD, sizing or chemical reactions
currently provide little control of the CNT orientation, limiting the reinforcement
in through-thickness properties.
There is an increasing number of reports discussing the mechanical and interfacial
properties of hierarchical composites with CNT-grafted carbon fibres. Downs and
Baker (1995) investigated the interface of the composites with carbon nanofibres
grafted carbon fibres and reported that it was possible to obtain an improvement of
over 4.75 times in the IFSS of the fibres following deposition of a critical amount
of nanofibres. Thostenson and Chou (2002) subsequently performed single fibre
fragmentation tests and found an improvement of interfacial load transfer, which
was probably due to the local stiffening of the polymer matrix near the interface.
By using the same method, Sager et al. (2009) observed increases of the IFSS
of composites containing randomly orientated and radially aligned CNT-grafted
fibres, which were 71% and 11% respectively. They attributed the difference to
the greater load transfer and higher yield strength of the randomly orientated
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CNTs, which was aligned with the principal tensile stress direction. Meanwhile, a
50% improvement of Mode-I fracture toughness was reported on the CNT-grafted
carbon woven/epoxy composites (Kepple et al., 2008).
a b
c
Figure 2.12: (a) Schematic diagrams of the manufacturing steps of the
hierarchical 3D composites with CNT forests on SiC woven fabrics. SEM images
of SiC fabric cloth (b) before and (c) after the growth of CNTs (reproduced from
Veedu et al. (2006)).
Improvements have been also reported on the hierarchical composites with CNT-
grafted ceramic fibres. Veedu et al. (2006) demonstrated that the mechanical
properties of composites, including delamination resistance, hardness, and damp-
ing, were improved without compromising the in-plane properties, by introducing
vertical arrays of CNTs grown onto 2D SiC woven fabrics (Figure 2.12). In
addition, consistent improvements in electrical and thermal conductivity have
been observed, indicating that the CNTs could provide conducting paths along
all directions in the 3D composite structure. Such effects might be extremely
valuable for the protection of aircraft from lightening strikes, an issue that is
increasing pressing as commercial aircraft are designed with increasing fractions
of composite materials. The growth of aligned CNTs on alumina woven fabric not
only increased the ILSS by 69% but raised electrical conductivity by a factor of 108
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in the through-thickness direction (Garcia et al., 2008b). The study of hierarchical
composites is still in its infancy, but shows great promise for the large-scale
incorporation of CNTs as reinforcements in conventional composite materials. The
existing development of high performance materials may be leveraged to produce
the next generation of structural and indeed multi-functional materials.
54
3
Materials and Methods
This chapter introduces the materials, including both fibres and matrices, used in
this work, as well as a variety of characterisation methods for the CNT-grafted
fibres and their model composites.
3.1 Materials
3.1.1 Fibres
Commercially-available Silfa silica fibres (sized, average diameter ∼ 9 µm, >99%
SiO2, Albert Hellhake GmbH) were used in the preliminary study of growing CNTs
on fibres. A thermal desizing treatment of the silica fibres was carried out at 600◦C
in air for 1 h.
Two kinds of commercially-available PAN-based carbon fibres were used, specif-
ically C320 (C320.00A, unsized, average diameter ∼ 7.5 µm, Sigri, SGL-Carbon)
and IM7 (unsized, average diameter ∼ 5.2 µm, Hexcel Composites). To improve the
surface chemical reactivity, the carbon fibres were oxidised using a wet chemical
method (Wu et al., 1995), involving an acid oxidation (65% HNO3, Sigma-Aldrich),
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followed by a base wash using a 0.05 M NaOH solution (NaOH, Sigma-Aldrich) in
a soxhlet apparatus.
3.1.2 Matrices
Both thermosetting and thermoplastic polymers were used in this work for
different tests. Epoxy matrix (HexPly®8552) was kindly supplied by Hexcel
Composites, which consists of a mixture of two basic epoxy resins, i.e. tetraglycidyl
methylenedianiline (TGMDA) and triglycidyl-p-aminophenol (TGAP) and diamin-
odiphenylsulfone (DDS)-based hardeners (Hexcel Composites, 2003) (Figure 3.1).
The curing process involved 1 h at 110◦C and 2 h at 180◦C (as stated in the relevant
datasheets by Hexcel Composites (2008)). Model composites of carbon fibres in
epoxy matrix were fabricated for the interfacial characterisation, including single
fibre pull-out and push-out tests.
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Figure 3.1: Structural formulas of HexPly®8552 epoxy matrix ingredients.
Poly(methyl methacrylate) (PMMA) (PLEXIGLAS®zk6BR, Evonik Röhm GmbH)
was used as the matrix for single fibre fragmentation tests due to its high strain at
break (54%, as stated in the relevant datasheets by Evonik Röhm GmbH (2008)).
As a typical viscoelastic polymer, the properties of PMMA have strong dependence
on temperature and time, which can be divided into five regions: 1) glassy, 2) glass
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transition, 3) rubbery plateau, 4) rubbery flow and 5) viscous liquid flow (Sperling,
2006).
For nanoindentation tests, a styrene-based polyester casting resin (Kleer set
resin™, Metprep Ltd.) was used as the embedding matrix, which was cured at
room temperature. In addition, the composite specimens made with polyester
resin show much lower fluorescence signals than the fibre/epoxy composites, which
allow the polarised Raman studies of CNTs in matrix to be conducted.
3.2 Electron microscopy
Compared with traditional light microscopy, which uses a series of glass lenses to
bend light waves to create a magnified image, electron microscopy is a relatively
new (developed in the 1930s) imaging technique that uses electrons to illuminate
a specimen and create highly-magnified images. A comparison of imaging length
scale between different microscopic techniques is shown in Figure 3.2. Owing
to the greater resolving power, electron microscopy can provide much higher
magnification than conventional light microscopy, allowing it to reveal new levels
of detail and complexity. In this work, different types of electron microscopy were
used to investigate the morphology of the CNT-grafting, surface structure of the
primary fibres, and fracture surface of the composites.
Optical
10 nm 10 µm 10 mm
Length Scale
TEM
AFM
SEMFE-SEM
1 Å 1 nm 1 µm100 nm
Figure 3.2: Comparison of the imaging length scale of different types of
microscopic techniques.
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Figure 3.3: Principal schemes of light, transmission and scanning electron
microscopes (reproduced from The Art of MBOC 3 (1995)).
3.2.1 Transmission electron microscopy
TEM (Figure 3.3b), which is the original form of electron microscopy, involves a
high voltage electron beam emitted by an electron gun and focused by magnetic
lenses. The electron beam strikes an ultra thin specimen and parts of the beam
are transmitted. The transmitted interaction of the electrons from the irradiated
specimen, such as inelastically scattered electrons, elastic scattered electrons, and
X-rays, are focused by the objective lens into an image, which is then magnified
and focused onto an imaging device, such as a fluorescent screen, or to be detected
by a sensor, such as a charge-coupled device camera. The typical resolution of
TEM is about 0.2 nm (with the highest resolution reaching sub-angstrom), which
is 1000 times higher than the optical microscopy. In this work, the CNT-grafted
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fibres were glued onto TEM grids (S147-3H, Agar Scientific Ltd.) using epoxy
adhesive (Araldite rapid adhesive, Bostik Findley Ltd.) for TEM analysis in a
JEM-2000FXII Electron Microscope (JEOL, Inc.) operating at 200 kV.
3.2.2 Scanning electron microscopy
SEM (Figure 3.3c) can produce images by detecting different forms of emissions
from the irradiated specimen, such as secondary electrons, backscattered elec-
trons, and characteristic X-rays, due to the excitation by the primary electron
beam. The image resolution of the SEM is about an order of magnitude poorer
than that of the TEM. However, due to the large depth of field, 3D-like images of
the specimen surface can be produced, which is useful for judging the topography
of bulk specimens (Flegler et al., 1995). The SEM characterisation was carried
out using a field emission gun SEM (Gemini LEO 1525 FEG-SEM, Carl Zeiss NTS
GmbH). The CNT-grafted fibres were stuck onto SEM stubs (G301-0.5" Aluminium
pin stubs, Agar Scientific Ltd.) using carbon adhesive disc (Leit tabs 9 mm dia,
Agar Scientific Ltd.) for analysis.
3.2.3 Energy dispersive X-ray analysis
Energy dispersive X-ray (EDX) analysis, a technique used for identifying the
elemental composition of a specimen or an area of interest, is generally used
in conjunction with the TEM and SEM. An electron beam strikes the specimen,
prompting the ejection of an electron from an inner shell and resulting in the
formation of an electron hole. The hole is eventually occupied by an electron from
an outer, higher-energy shell. The excess energy of the electron is released in
the form of an X-ray, creating spectral lines that are highly specific to individual
elements. EDX analysis was performed using the INCA X-ray microanalysis
system (4.08 suite version, Oxford Instruments).
3.2.4 Focused ion beam technique
Recently, focused ion beam (FIB) techniques have been common in nanoscale
material deposition and cross-sectioning (Giannuzzi and Stevie, 1998). The FIB
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system uses a gallium ion (Ga+) beam to raster over the surface of a specimen in
a similar way as the electron beam in the SEM. Unlike the electron microscopy,
the FIB technique is inherently destructive to the specimen. When the high-
energy Ga+ ions strike the specimen, a small amount of material is sputtered,
or dislodged, from the surface. The dislodged material may be in the form of
secondary ions, atoms, and secondary electrons, which are then collected and
analysed as signals to form an image. The higher the ion beam current, the more
material is sputtered from the surface. So one of the most attractive features of the
FIB technique is its ability to cut a TEM specimen accurately at any user-defined
site (Nakahara, 2003).
FIB sectioning was carried out using a focused ion beam instrument (FIB 200
TEM, FEI, Inc.). After deliberate removal of the CNT layer, a fibre was attached
onto a TEM grid, which was partly cut for better handling. The specimen was pre-
coated with gold (Au) using a sputter coating machine (K-550X, Emitech Ltd.).
During the FIB sectioning process, a gallium liquid metal ion source was used
as a primary ion beam with energy of 30 keV. The area of interest on the fibre
surface was protected by coating a thin layer of platinum (Pt) before the etching.
The ultimate thickness of the defined area on the specimen was approximately 100
nm. More details of the FIB sectioning process is presented in Appendix 2 (page
165).
3.3 Atomic force microscopy
AFM is regarded as a reliable tool for studying the nanoscale topography and
mechanical properties of surfaces. AFM has the ability to resolve features in the
dimensions of a few nanometres with scan ranges up to a hundred micrometres
(refer to Figure 3.2, page 57). The AFM can be operated in various modes for
different applications, generally divided into contact modes and vibrating modes.
In contact mode AFM, a microscale cantilever with a sharp tip at the end is
used to scan the specimen while maintaining a contact with the surface. The
interaction between the tip and the specimen leads to deflection of the cantilever,
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which can be measured by reflecting a laser spot from the top surface of the
cantilever onto an array of photodiodes (Figure 3.4a). The surface topography
can then be deduced. The contact mode AFM has limited performance on soft
specimens because the hard contact between the tip and the specimen can cause
irreversible destruction of the surface (Bar et al., 1997). To solve this problem,
tapping mode AFM relies on a stiff cantilever which is set to oscillate near or at its
resonant frequency and brought close to the specimen surface. The tip-specimen
interaction can cause changes of the characteristics of the cantilever vibration,
e.g. amplitude, resonance frequency and phase angle of vibration (Brandsch et al.,
1997). Topographic and phase contrast images can be generated from the detection
of the cantilever deflection and the phase angle shifts (Figure 3.4b) during the
scanning, respectively.
(b)
Figure 3.4: (a) Principal scheme of the contact mode AFM (Wikimedia Commons,
2009). (b) Schematic diagram showing phase contrast imaging in tapping mode
AFM (Pang et al., 2000).
AFM experiments were performed with a standard silicon cantilever (Tetra
tips, Olympus) using a NTEGRA spectra system (NT-MDT), which is a unique
integration of atomic force microscopy, confocal microscopy and Raman scattering
spectroscopy. Topographic and phase images were recorded simultaneously in the
tapping mode at a scanning speed of 1 line/s with 256 data points per line.
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3.4 Raman spectroscopy
Raman spectroscopy probes vibrational, rotational, and other low-frequency modes
in a system, generally based on inelastic scattering of incident excitation beam,
usually from a laser. Raman spectroscopy is an easy and non-destructive charac-
terisation method for graphite, carbon fibres and CNTs at room temperature and
pressure.
The Raman scattering processes of CNTs can be mainly divided into two modes:
first-order and second-order (Jorio et al., 2003; Saito et al., 2003). The first-
order Raman scattering process involves only one phonon, which is defined as the
quantised lattice vibration mode. The observed first-order modes of CNTs are
usually divided into low-energy radial breathing modes (RBM) and high-energy
tangential modes. The characteristic RBM appear between 120 and 250 cm−1 and
provide a signature of SWCNTs; they correspond to atomic vibrations of the carbon
atoms in the radial direction, as if the tube ‘breathes’ (Figure 3.5a). The diameters
of SWCNTs can be calculated through the relation ωRBM = α*(cm−1nm)/dt(nm)
(Bandow et al., 1998; Jorio et al., 2001). The Raman-allowed tangential mode
observed at around 1580 cm−1 is called the G mode, which is a characteristic
feature of graphitic carbon materials.
(a) (b)
Figure 3.5: Schematic picture showing the atomic vibrations for (a) the RBM and
(b) the G mode (Jorio et al., 2003).
*Different α values, ranged from 224 to 248, were reported.
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The second-order Raman processes occur when scattering of more than one phonon
is involved. In the case of specimens with structural disorder that breaks the
translational symmetry, an additional elastic scattering occurs together with the
one-phonon scattering. This process results in a feature in Raman spectra at
around 1350 cm−1, which is usually called the D mode. Tuinstra and Koenig
(1970) found an empirical relation that the intensity ratio of the D mode and the G
mode (ID /IG) is inversely proportional to the in-plane crystallite size of graphite,
so the ratio is widely used to describe the quality of CNTs. Another second-order
process is given by two-phonon inelastic scattering, such as the G′ mode. Since
the frequency of the G′ mode is close to twice that of the D mode, the G′ mode is
often called the overtone D∗ mode. The G′ mode always shows a large intensity
comparable to the G mode without defects (Saito et al., 2003).
The Raman spectra presented in Chapters 4 and 5 were recorded in the backscat-
tered geometry using a LabRam infinity analytical Raman spectrometer (HORIBA
Jobin Yvon Ltd.), at room temperature, using a Helium-Neon laser (632.8 nm) as
the excitation light source. The light was then focused on the specimen surface
with a 100× objective lens. The diameter of the laser spot was a few micrometres
and the resolution of the spectrometer was about 1 cm−1. All the spectra were
curve fitted with a mixed Gaussian-Lorentzian function using the curve-fitting
software GRAMS.
The polarised Raman study presented in Chapter 7 were conducted using the
NTEGRA spectra system (NT-MDT) equipped with a Renishaw Raman spectrom-
eter (InVia, Renishaw Plc.) at room temperature. A linearly polarised Helium-
Neon laser (632.8 nm) was used as the excitation source. A 100× microscope
objective was used. The resolution of the spectrometer was about 0.6 cm−1.
For the orientation-dependent measurements, a half-wave retardation plate was
inserted before the objective to rotate the polarisation of the incident laser beam.
A 30×30 µm2 Raman scanning was conducted at 1 µm step size; a total of 900
spectra were collected in the backscattered geometry and mapping images were
then generated based on the detected Raman intensity.
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3.5 Thermogravimetry
Thermogravimetric analysis (TGA) measures weight as a function of temperature,
under a controlled atmosphere. The recorded curves, i.e. thermograms, can pro-
vide information regarding degradation temperatures, absorbed moisture content,
decomposition points and material composition.
TGA has been regarded as a very useful tool for the evaluation of the crystallinity
of the CNT specimen. Defects in CNT walls increase the local reactivity, leading to
a lower oxidation and gasification temperature of the carbon in the TGA mass-loss
profile (McKee and Vecchio, 2006). Thus, given a similar size effect, the higher the
gasification temperature, the higher the crystallinity of the CNT specimen. With
respect to CNT-grafted silica fibres, TGA can also be used to determine the weight
fraction of CNTs in the specimens since silica fibres do not oxidise and remain as
residues.
The TGA analyses were performed on a Pyris 1 thermogravimetric analyser
(PerkinElmer, Inc.). Specimens, with masses ranged from 1-2 mg, were placed
in a platinum pan and heated up at a ramping rate of 2 ◦C/min to 900◦C in an
atmosphere of air flowing at 20 mL/min.
3.6 BET method of gas adsorption
BET method, based on the adsorption of gas molecules on a solid surface, is the
most widely used analytical technique for the measurement of the specific surface
area. Nitrogen (N2) with the boiling point at about 77 K is commonly used as
the adsorptive. During the measurement, the amount of adsorptive gas required
to completely cover the external and the accessible internal surfaces of the solid
specimen is determined from the adsorption isotherm using the BET equation
(Brunauer et al., 1938):
P/P0
na[1− (P/P0)]
= 1
nmC
+ C−1
nmC
· P
P0
(3.1)
where P and P0 are the equilibrium and the saturation pressure of adsorptive
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gas at the temperature of adsorption, na is the adsorbed gas quantity, nm is the
monolayer capacity, and C is the BET constant.
By plotting (P/P0)/na[1−(P/P0)] against P/P0, a straight line can be obtained, from
which the gradient, (C−1)/(nmC), and the intercept, (1/nmC), can be determined.
The specific BET surface area per unit mass of the specimen, as, was then
calculated according to the standard ISO 9277 (1995) using the equation:
as = nmamL (3.2)
where am is the molecular cross-sectional area, suggested to be 0.162 nm2 for N2
at 77 K, and L is the Avogadro constant, 6.02×1023 mol−1.
In this work, up to 1 g of fibre specimens were packed into a glass vessel and
degassed at 120◦C for at least 12 h, before the measurements. The C320 carbon
fibres were studied using a Micromeritics ASAP 2010 analyser (Micromeritics UK
Ltd.) with pure N2. Due to an upgrade of the analyser, measurements of IM7
carbon fibres and silica fibres were conducted using a Micromeritics TriStar 3000
analyser, under the same experimental conditions.
3.7 Single fibre tensile test
Tensile testing is one of the most fundamental types of mechanical test for
characterising a material, which is simple, fast and fully standardised. The
test provides information on elongation to failure, tensile strength and tensile
modulus.
Single fibre tensile tests were carried out at room temperature, according to the
standard BS ISO 11566:1996 (1996) using a TST 350 tensile stress testing system
(Linkam Scientific Instrument Ltd.) equipped with a 20 N load cell. A single fibre
was glued at either end onto a small piece of cardboard for better handling using
epoxy adhesive (Araldite rapid adhesive, Bostik Findley Ltd.). The gauge lengths
were 15, 25 and 35 mm. A crosshead speed of 15 µm/s was applied for the tests.
A minimum of twenty measurements were conducted for each fibre specimen at
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each gauge length.
The load against the displacement was recorded in the test. The ultimate stress,
σ, often called tensile strength, can be calculated from the maximum load, Fmax,
and the fibre cross-sectional area, A:
σ= Fmax
A
= 4Fmax
pid2
(3.3)
where d is the fibre diameter. The strain, ε, was given as the change in length, ∆x,
compared to the original gauge length, L:
ε= ∆x
L
(3.4)
By plotting stress versus strain, the apparent tensile modulus, E∗, was deduced
from the gradient (σ/ε) of the linear fit. The system compliance, C, can be
estimated under the relevant experimental conditions. The tensile modulus,
E, was therefore corrected using the following equation (Method B, BS ISO
11566:1996 (1996)):
E =E∗/
(
1−C E
∗A
L
)
(3.5)
To explore the length dependence of the tensile strength, the Weibull distribution
was used to analyse the experimental strength data. The cumulative distribution
function, F, and the probability density function, f , are given by:
F = 1−exp
(
−L
(
σ
σ0
)m)
(3.6)
f = Lm
σ
(
σ
σ0
)m
exp
(
−L
(
σ
σ0
)m)
(3.7)
where L is the gauge length at which the fibres are tested, σ is the stress
level at which the failure of fibres occurs, σ0 and m are the Weibull scale and
shape parameters, respectively; these two parameters can be estimated using the
maximum likelihood method (Stoner et al., 1994), in which the likelihood function,
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l, is the product of the density function evaluated at all gauge lengths and failure
stress levels:
l =
N∏
i=1
f i (3.8)
Thus the fibre strength calculated for the Weibull distribution is given by:
σ=σ0L−1/mΓ(1+1/m) (3.9)
where Γ is the Gamma function Γ(z)= ∫∞0 tz−1e−tdt.
3.8 Contact angle measurements
Contact angle measurements are effective methods for the analysis of wettability
and surface energy of solid specimens. Contact angles on individual fibres can be
evaluated either indirectly, using the modified Wilhelmy method (Collins, 1944;
Bismarck et al., 1999a), or directly, using the drop-on-fibre method (Yamaki and
Katayama, 1975; Carroll, 1976; Song et al., 1998).
3.8.1 Modified Wilhelmy method
B alance
C om puter
θ
l
Fibre
Test
Liquid
ter
Lab Jack
Motor &
Position Sensor
Figure 3.6: Schematic diagram of the contact angle measurement setup using the
modified Wilhelmy method.
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The modified Wilhelmy method (Figure 3.6) is a gravimetric method to deter-
mine dynamic contact angles, defined as the contact angles formed in a actual
motion, between liquids and solids. In each measurement, five individual fibres
were placed parallel to each other onto an aluminium carrier. Weight changes
(Figure 3.7), from which the wetting force can be derived (assuming buoyancy
is negligible), were recorded using an ultramicrobalance (4504 MP8, Sartorius;
accuracy = 0.1 µg) during the fibre immersion-emersion cycle in the test liquids
at a speed of 4.2 µm/s. At least five measurements for each fibre specimen were
carried out in an air-conditioned room at 20◦C.
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Figure 3.7: Representative image of a typical weight change as a function of time
recorded during the fibre immersion-emersion process in epoxy. The oscillations
are due to the high viscosity of epoxy.
The measurements allow two limiting contact angles to be determined, the
advancing (θa) and receding (θr) contact angles, which are characteristic for the
low-energy and high-energy parts of the investigated surface, respectively. θa and
θr were calculated from the weight changes ∆ma and ∆mr, respectively, using
Wilhelmy’s equation:
cosθ = ∆mg
pidγl
(3.10)
where g is the acceleration of gravity, d is the fibre diameter, and γl is the surface
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tension (identical to surface energy for a liquid) of the test liquid. The diameter
of the fibres were measured using n-dodecane (99% purity, Fisher Scientific,
γl=25.4 mN/m), which wets the fibres perfectly (θ=0◦) and possesses a relatively
low evaporation rate (Ho, 2008).
The surface energy of the fibres were determined by the harmonic mean method
introduced by Wu (1982). Based on the measured contact angles in a pair of
test liquids, i.e. deionised water (surface tension γl=72.8 mN/m with a polar
part γpl of 50.7 mN/m and a dispersive part γ
d
l of 22.1 mN/m (Bismarck et al.,
1999a)), diiodomethane (DIM) (99% purity, Fisher Scientific, γl=50.8 mN/m with
γ
p
l =6.7 mN/m, γ
d
l =44.1 mN/m (Bismarck et al., 1999a)), the surface energy of the
fibres were calculated by Wu’s harmonic mean equation:
(1+cosθ)γl = 4
(
γdl γ
d
s
γdl +γds
+ γ
p
l γ
p
s
γ
p
l +γ
p
s
)
(3.11)
where γl is the surface tension of the test liquid with its polar contribution, γ
p
l , and
dispersive contribution, γdl . γ
p
s and γds are the polar and dispersive components
of the surface energy of the fibres, respectively. Based on the measured contact
angles in two test liquids with known γl , γ
p
l , and γ
d
l values, the two surface energy
components of the fibres, γps and γds , can be calculated and the fibre surface energy,
γs, is given by the equation:
γs = γps +γds (3.12)
and the surface polarity, X p, is expressed as
X p = γ
p
s
γs
(3.13)
The wettability of the fibres was also tested against liquid epoxy matrix (Hex-
Ply®8552, γl=42.5 mN/m) to provide a direct estimation of the interaction between
the fibres and the matrix. The surface tension of the epoxy matrix was measured
on a K100 processor tensiometer (KRÜSS GmbH) using the Wilhelmy method
(refer to Equation 3.10, page 68). The thermodynamic work of adhesion, WA, is
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defined as the reversible work required per unit area to separate the liquid from
the solid. The WA between the investigated carbon fibres and the epoxy matrix
can be evaluated by the Young-Dupré equation:
WA = γl(1+cosθ) (3.14)
It is apparent that a smaller contact angle results in higher WA, indicating better
adhesion.
3.8.2 Drop-on-fibre method
Contact angle measurements in a drop-on-fibre system allow direct quantification
of the wetting behaviour between fibres and the polymer matrix, from which the
interfacial properties of composites may be predicted (Yamaki and Katayama,
1975; Connor et al., 1995; Ho et al., 2007a). This drop-on-fibre method entails
forming polymer droplets on the fibre surfaces. The contact angles are determined
from the critical parameters of a drop profile, such as the maximum drop length
and drop height, based on the principle of the Laplace-Young equation (Yamaki
and Katayama, 1975; Carroll, 1976). More recently, Song et al. (1998) developed
a generalised drop length-height method to maximise the accuracy of contact
angle measurements. This computer-aided method takes advantage of using
a digital image processing technique to extract drop profiles (Figure 3.8) and
determines contact angles using a large part of the drop profile (specific derivations
are detailed in Song et al. (1998, 2004)), leading to improved reliability of the
measurement.
To study the wettability of fibres by PMMA, single fibres were glued to a metal
washer using an epoxy/metal adhesive (J-B Weld Company) and dipped into
PMMA powder. The specimen was then transferred into a hot stage (THM600,
Linkam Scientific Instrument Ltd.) and heated to 270◦C, at which temperature
PMMA was liquid-like (as stated in the relevant datasheets by Evonik Röhm
GmbH (2008)). Stable polymer droplets were formed on the fibres (Figure 3.9) and
images were captured using an Olympus DP70 camera system under an optical
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Figure 3.8: Optical image and extracted profile of a polyformamide droplet on a
carbon fibre (Song et al., 1998).
Figure 3.9: Time-elapsed optical images of the wetting process of as-received IM7
carbon fibres by PMMA in the contact angle measurements.
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microscope (BH-2, Olympus). The droplet profiles were extracted using a PDA-40
drop profile analysis program (operation parameters are detailed in Tran (2007)).
Contact angles were determined using the generalised drop length-height method
(Song et al., 2004) from at least 50 droplets on at least three fibres for each type of
fibres in order to obtain statistically significant averages.
3.9 Fibre/matrix interface characterisation
Interfacial properties play an important role in determining the mechanical
behaviour of fibre-reinforced polymer composites (Hull, 1998). A number of
different micromechanical interface tests have been reported for characterising
the composite interface (Drzal and Madhukar, 1993; Broughton et al., 2006). The
most common methods among those are single fibre pull-out, microbond, push-
out and single fibre fragmentation tests. In this work, the interface of carbon
fibre/epoxy composites were characterised using single fibre pull-out and push-out
tests*. Single fibre fragmentation tests were conducted on fibre/PMMA composites
due to the greater strain at break of the matrix. In all cases, the fractography of
the composite specimens was studied using SEM.
3.9.1 Single fibre pull-out test
In the pull-out test, a single fibre of a few millimetres in length was partly
embedded at one end in epoxy (HexPly®8552) on an aluminium specimen carrier
using an in-house apparatus (Hampe et al., 1995). The fibre was orientated
perpendicular to the carrier surface and fixed to a force transducer (Figure 3.10).
A variation of the embedded length in a range of 10-500 µm was allowed for the
test. After embedding, the diameter of each fibre specimen was measured by the
laser light diffraction technique (Meretz et al., 1992).
The pull-out test was performed on a stiff frame fixed with a piezo-motor that
allowed the force to be measured to an accuracy of ±1 mN (see equipment details
*Single fibre pull-out and push-out tests were conducted at the BAM Federal Institute for
Materials Research and Testing, Berlin, Germany, under the supervision of Dr. Gerhard Kalinka.
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Figure 3.10: Photograph of a single fibre pull-out test specimen (courtesy of Dr.
Gerhard Kalinka).
in Meretz et al. (1993)). The fibre was pulled at a speed of 0.2 µm/s from the
matrix while the force was recorded against the displacement (Figure 3.11). The
apparent IFSS, τapp, was calculated from the peak pull out force, Fmax, and the
fibre embedded area, A, using the following equation:
τapp = FmaxA =
Fmax
pid f l
(3.15)
where d f is the fibre diameter and l is the embedded length, determined from the
force/displacement curve (refer to the displacement in Figure 3.11, where the force
becomes zero). At least six measurements for each specimen were conducted.
3.9.2 Push-out test
The push-out test provides a means of characterising interfaces in realistic multi-
fibre composites. Fibres were laid flat into a small rod mould; epoxy resin
(HexPly®8552) was introduced and cured. For better handling, the composite
rod was embedded into a plastic cylinder using the cold mounting epoxy resin
(EpoFix, Struers GmbH). The specimen was polished using a combination of
Struers RotoForce-4 and RotoPol-31 (Struers GmbH). A 300-500 µm composite
slice was then cut from the finished side of the cylinder using a saw microtome
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Figure 3.11: Representative image of a typical force/displacement response
recorded in a single fibre pull-out test. a: peak pull-out force; b: debonding of
interface; c: system periodic unloading; d: friction. The arrow indicates the point
of disengagement of the fibre from the matrix.
(SP1600, Leica Microsystems Nussloch GmbH). The final polishing was carried out
on the other side of the slice using an accurate (within ±1.5 µm) grinding machine
(400 CS, EXAKT Technologies, Inc.) until the desirable slice thickness (15-40 µm)
was reached. The specimen was then transferred to the test equipment.
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Figure 3.12: Photograph and sketch of the push-out test apparatus (reproduced
from Kalinka et al. (1997)).
The push-out test was performed on an in-house apparatus (Figure 3.12). A 5 µm
diameter indenter was fixed to the force sensor, which was mounted together with
74
3.9 FIBRE/MATRIX INTERFACE CHARACTERISATION
a reflecting light microscope on a travel head. Once the fibre was selected using the
optical microscope, the two-position specimen stage was switched from the position
under the microscope to the one under the indenter. During the subsequent
movement of the indenter in the fibre direction, the applied force against the
displacement was recorded (Figure 3.13). The apparent IFSS was calculated using
Equation 3.15 (page 73) where l was the specimen thickness (determined by SEM
characterisation) in this case. At least ten fibres were pushed out from each
specimen.
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Figure 3.13: Representative image of a typical force/displacement response
recorded in a push-out test. a: slice not yet in full contact with the support stage;
b: in full contact; c: peak push-out force; d: debonding of interface; e: indenter
hindered by the matrix.
3.9.3 Single fibre fragmentation test
The single fibre fragmentation test, developed from the early work of Kelly
and Tyson (1965), is commonly used to evaluate the interfacial properties of
fibre/polymer composites. Generally, the test is performed under a light microscope
so that the fragmentation process can be observed in situ. A single fibre is axially
aligned in a specimen of matrix material, and loaded in tension (Figure 3.14). The
tensile stress is transferred to the fibre through the interfacial shear strength. As
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the shear strength reaches the fibre fracture strength, the fibre breaks. Since the
fractured fibre segments continue to carry load, further increases in strain lead to
additional fibre breaks. The process continues until saturation is reached; at this
point, the fibre segments are below the critical length at which stress transfer
through the fibre-matrix interface can reach the fibre fracture strength. The
average fragment length can then be measured. Given a constant fibre diameter
and strength, shorter fragment lengths imply a stronger interface (Feih et al.,
2004).
Figure 3.14: Illustrations showing the working principle of the single fibre
fragmentation test (Dai et al., 2006). Left: the number of fibre breaks in the
specimen increases due to the increasing strain level in the matrix. Right: the
stress in fibre is plotted as a function of position for the respective matrix strain
levels. Zero stress corresponds to the position, where the fibre has broken.
For preparing the fragmentation specimens, both ends of single fibres were
attached to a microscope slide (1.0-1.2 mm thick, 26 mm wide and 76 mm long,
VWR International Ltd.) using double sided tape with a defined thickness of
approximately 100 µm. By doing this, the fibres were kept away from the surface
of the microscope slide and embedded in the centre of the polymer specimen. A
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solution of 10 wt% PMMA (PLEXIGLAS®zk6BR) in 1,4-dioxane (ACS reagent,
Sigma-Aldrich) was prepared and 2 mL of the solution was cast onto each slide,
covering the fibre completely. The specimen films were first dried for 48 h in a
fume hood and for a further 24 h in a vacuum oven (OV-11, Medline Scientific
Ltd.) to remove any trace of solvent. Dumbbell shaped specimens were then
cut using the Zwick D-7900 cutting device (Zwick Roell Group) and tested on the
TST 350 tensile stress testing system (Linkam Scientific Instrument Ltd.). The
dimensions of the specimens tested were around 0.2 mm thick, 4 mm wide (at
gauge region) and 30 mm long. During the tests, the specimens were strained
up to 25% to ensure crack saturation at a crosshead speed of 15 µm/s and the
entire single fibre fragmentation process was monitored using a light microscope
(Wild Heerbrugg). At least six specimens were tested for each case. The fibre
fragment lengths were measured under an Olympus BX51M reflected light optical
microscope using an Olympus DP70 camera system, which was calibrated using a
glass scale (10 mm stage micrometre scale, 0.1 mm divisions, Graticules Ltd.). The
apparent interfacial shear strength was estimated from the Kelly-Tyson model
(Kelly and Tyson, 1965):
τapp =
σ f d f
2lc
(3.16)
lc = 43 l (3.17)
where d f is the fibre diameter, σ f is the fibre strength at the critical fragment
length, which can be predicted from the Weibull distribution (refer to Equation 3.9,
page 67), and lc is the critical fragment length, calculated from the mean fibre
fragment length, l, at crack saturation (Ohsawa et al., 1978).
3.9.4 Fractographic analysis
Fractography is the study of the fracture surface morphology and is an essential
tool for advancing the understanding of composite structural behaviour (Green-
halgh, 2009). To study the fracture behaviour of fibre/epoxy composites, fibres
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were laid flat into a small mould; epoxy resin (HexPly®8552) was introduced and
cured. The specimens were then loaded in flexure, transverse to the fibres, to
generate intralaminar fracture surfaces (i.e. parallel to the fibre orientation).
Fractographic analysis was also conducted on the fibre/PMMA composite spec-
imens, which had been tested in the single fibre fragmentation tests. The
specimens were frozen in liquid nitrogen and then loaded in flexure, perpendicular
to the fibre direction, to expose translaminar fracture. All the composite specimens
were coated with a very thin layer (∼15 nm) of gold by sputter coating (K-550X,
Emitech Ltd.) before SEM analysis.
3.10 Nanoindentation
Indentation techniques are widely used to measure the mechanical properties
of materials, such as hardness and elastic modulus. Historically, this method
involves relatively large depth indents (Unwin, 1897). However, with the develop-
ment of nanotechnology, the indentation techniques have been modified and used
to study near-surface characteristics and mechanical properties of specimens over
a small volume (Oliver and McHargue, 1988; Adams et al., 1999).
For the specimen preparation, CNT-grafted fibres were laid flat into a small
rod mould; polyester (Kleer set resin™) was introduced and cured. The cross-
sectional area of the specimen was polished using a Buehler METASERV®2000
grinder/polisher. The specimen was then transferred to the test equipment. The
nanoindentation test* was conducted at room temperature on a TS TriboScope
(Hysitron Inc.) fitted with a diamond Berkovich (triangular based pyramid with
an angle of 65.3◦) indenter probe with a tip radius of approximately 20 nm.
During the indentation, the indenter probe was first pushed into a specimen and
then withdrawn (unloaded). The applied force on the probe was simultaneously
recorded against the displacement (Figure 3.15). The system has load and
displacement resolutions of <1 nN and 0.0004 nm, respectively. The area
*Nanoindentation tests were conducted at the BAM Federal Institute for Materials Research
and Testing, Berlin, Germany, under the supervision of Dr. Gerhard Kalinka.
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function, A(hc)*, which correlates the projected area, A, with the actual contact
displacement, hc, was calibrated from indentations upon fused silica (Briscoe
et al., 1998).
Load (P)
Indenter
Specimen
Figure 3.15: Schematic diagram of indentation and typical indentation load-
displacement curve (reproduced from Pharr et al. (1992)).
Based on the method proposed by Pharr et al. (1992), the hardness of the test
specimen, H, can be determined from an analysis of the load-displacement curve
through the equation:
H = P
A
(3.18)
where P is the indentation load and A is the projected area of the hardness
impression determined from the calibrated area function.
The relationship between contact stiffness and elastic modulus can be defined as
follows:
S = dP
dh
= 2βp
pi
p
AE∗ (3.19)
where S is the contact stiffness obtained from the slope of the unloading curve, β
* A(hc)= 24.5h2c+C1hc+C2h1/2c +C3h1/4c +C4h1/8c +· · ·.
79
3.10 NANOINDENTATION
is a constant related to the indenter geometry, E∗ is the reduced elastic modulus
due to non-rigid indenter. The elastic modulus of the specimen can be obtained
from the following equation:
E∗ =
(1−υ2s
Es
+ 1−υ
2
i
E i
)−1
(3.20)
where E and υ with subscripts ‘s’ and ‘i’ are the elastic moduli and Poisson’s ratios
of the specimen and the indenter, respectively. For a diamond indenter tip, E i is
1141 GPa and υi is 0.07 (Briscoe et al., 1998).
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Grafting of CNTs on Silica Fibres
This chapter describes the growth of pure and nitrogen-doped CNTs on silica fibres
using the ICVD method. The morphology of the CNTs and the CNT/fibre interface
are studied using electron microscopy. The effects of nitrogen-incorporation on
the growth rate, oxidation resistance and crystallinity of CNTs are demonstrated
using a number of techniques, including TGA and Raman.
4.1 Growth of pure CNTs on silica fibres
Silica (SiO2) is commonly used as a substrate material for the growth of CNTs via
the ICVD method (Andrews et al., 1999; Zhang et al., 2000; Singh et al., 2003a),
in which the catalyst is introduced continuously during the CNT growth process.
Thus, silica fibres were selected, as a simple substrate, for the preliminary study
of developing CNT-grafted fibres.
Pure CNTs were synthesised on silica fibres using the ICVD method. Figure 4.1
shows the experimental setup, which is similar to the reactor presented by
Andrews et al. (1999). The growth reactions were carried out in a tubular quartz
reactor (50 mm in diameter) equipped with an electrical furnace (PTF 12/50/610,
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Lenton). The silica fibres were held by an alumina frame (43 mm wide and
60 mm long, Almath Crucibles Ltd.), placed in the middle of the furnace, to expose
them uniformly to the growth gases. A feed solution of 3 wt% ferrocene (98%,
Sigma-Aldrich) in toluene (BDH AnalaR grade, VWR International Ltd.) was
injected continuously into the reaction tube at a rate of 5 ml/h using a syringe
pump (KDS100, Linton). The liquid feed was preheated to 200◦C, immediately
volatilised, and swept into the furnace by a flow of argon (Ar) as the carrier gas.
The reaction temperature was 760◦C. The growth time for pure CNTs was varied
between 15 and 120 min.
Furnace
Temperature 
controller
Carrier gas
Mass flow 
controller
Pre-heater
Injector
Bubbler
Activated
charcoal
Exhaust
Figure 4.1: Schematic diagram of the setup used for the ICVD growth of CNTs.
4.2 Characterisation of CNT-grafted silica fibres
4.2.1 Electron microscopy characterisation
SEM images of silica fibres before and after the growth reactions (without Au
coating) are displayed in Figure 4.2. Because of the low electrical conductivity
of the bare silica fibres, strong contrast due to electron charging was observed
(Figure 4.2a). Well-aligned CNTs were successfully grown onto the silica fibres
at all growth times between 15 and 120 min (Figure 4.2b-d). However, different
morphologies were obtained with increasing growth time. Radial CNT growth
in the early stages resulted in a ‘brush-like’ structure (Figure 4.2b). A random
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Figure 4.2: SEM images of a silica fibre (a) before and after (b) 15, (c) 30 and (d)
120 min CNT growth reaction via ICVD. The arrows indicate the diameter of one
silica fibre in (a) and the locations of the silica fibres in (b)-(d).
orientation observed during nucleation (Pinault et al., 2005), rapidly gave way to
growth approximately perpendicular to the fibre surface due to steric interaction
between CNTs, once the density of catalytic sites was sufficiently high (Singh et al.,
2003b), producing the symmetric ‘brush-like’ structure. As the CNTs continued to
elongate by base growth (will be discussed below), the circumference described by
the tips expanded. Eventually, the circumferential tension exceeded the inherent
lateral strength of the growing CNT layer, which has been mostly attributed to
inter-tube entanglements (Zhang et al., 2005). The layer then split, or ‘parted’,
breaking the cylindrical symmetry, and causing growth to continue in one direction
(Figure 4.2c-d). Similar splitting behaviour of CNTs grown on ceramic fibres has
been reported by other research groups (Cao et al., 2005; Yamamoto et al., 2009).
In addition, gravity, steric hindrance within the fibre tow, and gas flow effects
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might also contribute to this splitting phenomenon. In Figure 4.2d, regular bands
of high contrast are visible, most likely due to the iron aggregation, as the iron
precursor was continuously fed into the reactor furnace using the mechanically-
driven syringe pump, which might introduce uneven supply of iron feedstock
during the growth (Cao et al., 2001).
Figure 4.3: Typical SEM images of CNTs taken from the (b) tip, (c) mid and
(d) base positions of (a) the CNT array on silica fibres after the 120 min growth
reaction via the ICVD method.
High resolution SEM images taken at different radial positions along the CNT
array (Figure 4.3) clearly showed that the morphology and outer diameter of CNTs
vary systematically. Excess small iron particles were observed near the tips of the
CNTs (Figure 4.3b), due to the continuous injection of ferrocene during the growth;
deposition of additional iron at the outer surface of the growing array is consistent
both with diffusion consideration and base growth (Singh et al., 2003b). Some
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of these nanoparticles acted as a catalyst for the secondary growth, leading to
formation of very thin CNTs within the main array. Lower in the array, the CNTs
appeared much cleaner (Figure 4.3c-d).
A statistical analysis of the apparent length and outer diameter of the CNTs,
at different growth times, is summarised in Table 4.1; the outer diameter
distributions are shown in Figure 4.4. More than 600 diameters per sample
were measured using the open-source software ImageJ. As expected, the CNT
lengths increased with growth time from a few tens of micrometres to around
half a millimetre. It was also found that both the average diameter of the CNTs,
and the breadth of the diameter distribution increased with growth time. The
measurements along the length of the CNTs clearly showed the cause; namely,
that the diameter gradually thickened at the base of the CNTs. This trend
could be due to either continued pyrolytic carbon deposition during tip growth
or catalyst ripening during base growth. However, the literature suggests that
ICVD usually proceeds by base growth (Singh et al., 2003b; Pinault et al., 2005),
which is also supported by the study of the CNT/fibre interface in this work (see
detailed discussion below). Thus, the increasing CNT outer diameter at the base,
can mainly be attributed to the ripening of catalyst particles.
Table 4.1: Lengths (l) and outer diameters (D) of CNTs grown on silica fibres at
different growth times via ICVD. The standard deviations are shown in brackets.
t (min) l (µm) D (nm) Dtip (nm) Dmid (nm) Dbase (nm)
15 61 (5) 48 (13) 36 (7) 48 (8) 58 (10)
30 167 (12) 49 (13) 38 (7) 49 (7) 62 (13)
120 654 (23) 69 (31) 36 (7) 64 (17) 113 (12)
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Figure 4.4: Outer diameter distributions of CNTs produced at different growth
times.
In order to explore the nature of the CNT-fibre interaction further, the surface of
the silica fibre was characterised after deliberately removing the grafted CNTs,
using a razor blade. As shown in Figure 4.5a-b, particles and pits with diameters
around 115 ± 13 nm were observed, which matched the diameters of the CNTs
(refer to Dbase in Table 4.1), suggesting a base growth mechanism and hence
catalyst ripening. The pitting also showed that the CNTs were attached to the fibre
surfaces via etching or chemical reactions between the catalyst and the substrate.
In some cases, the catalyst particles remained visible, embedded in the surface,
in other cases, they were pulled out with the CNTs (Figure 4.5c); either way, the
outline of the carbon walls was visible as a ring. Note that the CNTs shown in
Figure 4.5c were at the larger end of the size distributions shown in Figure 4.4,
as they were located at the base of the longest growth experiment, and subjected
to the greatest ripening; the majority of CNTs in the sample were significantly
smaller. At the reaction temperature, iron may diffuse into silica, forming iron
oxides and FeOx-SiOx mixture (Chemellia et al., 1993; Kononchuk et al., 1998;
Reyes-Reyes et al., 2004). Qu et al. (2006) reported similar surface damage caused
by the high-temperature pyrolysis of iron phthalocyanine (FePc) on silica-coated
carbon fibres. Cross-sections of the damaged fibre surfaces were prepared by
FIB sectioning and studied using TEM (Figure 4.5d-e). The pits caused by the
catalyst etching were clearly observed, with depths ranging between 20 and 55 nm
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Figure 4.5: (a)-(c) SEM and (d), (e) TEM images of silica fibre surfaces after
deliberate removal of the CNT-grafting produced in the 120 min reaction. (b) An
enlarged view of the boxed area indicated in (a). The catalyst particles pulled out
with CNTs are indicated by arrows in (c). (f) EDX analysis on the surface area
marked in (e).
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(Figure 4.5d). However, few catalyst particles remained attached to the surface
after the FIB sectioning, which might be due to the relatively small thickness
of the specimen, i.e. around 100 nm. Close-up images of the pits (Figure 4.5e)
displayed a number of dark features (around 15 nm), which were likely to be iron
residue, as suggested by the EDX analysis (Figure 4.5f). Other signals shown
in the EDX, specifically C, Au, Si and Cu, came from the carbon residue, metal
coating, fibre and TEM grid, respectively. The oxidation state of the iron is unclear,
but the catalyst (after growth) could either be iron carbide (Fe3C), α-iron, or γ-iron
(Mayne et al., 2001; Singh et al., 2003b).
4.2.2 TGA characterisation
TGA was applied to assess the oxidation resistance and weight fraction of the CNT-
grafted silica fibres (Figure 4.6a). The onset oxidation temperatures for weight
loss, corresponding to the decomposition of CNTs, were 582◦C, 620◦C, and 654◦C
for the CNTs grown during 15, 30 and 120 min reactions, respectively, suggesting
that the degree of crystalline perfection of the CNTs increased with growth time.
Assuming the mass of iron was negligible (< 3 wt%*), the mass ratios of grafted
CNTs to silica fibres, Rm = mCNT /m f , were calculated from the mass of residue,
i.e. the mass of silica fibres, determined by TGA. Thus, the mass yield of the CNTs
per unit area of silica fibre, ηCNT , was evaluated from the following equations†:
ηCNT =
mCNT
S f
= mCNT
n2pir f l f
(4.1)
Vf =
m f
ρ f
= npir2f l f (4.2)
By substituting Equation 4.2 into Equation4.1, the yield can be obtained:
*3 wt% was suggested by the TGA measurements of pure CNTs grown on a Quartz slide in the
120 min reaction under the same growth conditions
†The two cross-sectional areas of fibres were negligible since the fibre radius was four orders of
magnitude smaller than the fibre length.
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ηCNT =
mCNT
m f
ρ f r f
2
=Rm
ρ f r f
2
(4.3)
where mCNT , m f are the mass of the CNTs and silica fibres, respectively, Rm is
the mass ratio of the CNTs to fibres, S f , n, r f , l f , Vf and ρ f are the surface area,
number, radius, length, volume and density of the silica fibres respectively. ρ f and
r f are specified as 2.15 g/cm3 and 9 µm, respectively, by the manufacturer.
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Figure 4.6: (a) TGA curves and (b) calculated yields as a function of growth time
of CNT-grafted silica fibres produced at different growth times.
The average yields of CNTs produced in the 15, 30 and 120 min reactions
were 0.09, 0.74 and 4.93 mg/cm2, respectively. The CNT yield is plotted as a
function of the growth time in Figure 4.6b; the growth rate was linear at around
0.044 mg/(cm2min). The intersection with the x axis indicates that the induction
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period for CNT growth was around 13 min. This result was consistent with the
previous data shown in the literature (Singh et al., 2003b), suggesting that the
initial deposition of ferrocene took 13.75 min, to provide the nucleation sites for
CNT growth. Singh et al. (2003b) also pointed out that the growth rate of CNTs
on quartz materials is initially linear for a couple of hours, but then eventually
reduces, probably due to the diffusion limitation of the hydrocarbon gas through
the increasing thickness of the growing CNT films. For the cylindrical geometry of
CNTs grown on fibres, diffusion limitations are less likely to be significant.
4.2.3 Raman characterisation
Raman spectra of the silica fibres before and after CNT growth are shown in
Figure 4.7. For the as-received silica fibres, only a silica signal at around 440 cm−1
(Hemley et al., 1986) was detected. The spectra taken from the silica fibres after
the 15 and 30 min reactions showed three main bands, which are the disorder-
induced D mode (∼1321 cm−1), tangential G mode (∼1570 cm−1) and second order
G′ mode (∼2642 cm−1), of the MWCNTs synthesised during the reactions; no
signal was observed for the RBM of SWCNTs between 120 and 250 cm−1 (Jorio
et al., 2003). As the silica fibres were covered by the grafted CNTs, no silica
signal was observed. It is widely accepted that the D mode acts as a diagnostic
for disruptions in the hexagonal framework of CNTs and the intensity ratio of the
G to D mode, IG /ID , can be used qualitatively to compare the crystallinity of CNTs
(Zhang et al., 2002a). Figure 4.7b shows that the IG /ID was approximately 2 in
both cases, demonstrating a relatively high degree of crystallinity for the CNTs
produced using the ICVD method (Ci et al., 2005).
A more detailed Raman study was carried out on the grafted CNTs that produced
in the 120 min reaction (Figure 4.8a). The Raman spectra (Figure 4.8b) taken
at four different positions through the thickness of the array, confirmed that
only MWCNTs were synthesised. The laser power and integration times used to
record these spectra were identical. At least three spectra were taken from each
position within the CNT array (Figure 4.8a). The IG /ID was about 1.6 at the tips
but increased to approximately 4.4 at the base (Figure 4.9a), close to the silica
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Figure 4.7: Raman spectra of silica fibres (a) before and (b) after the 15 and 30
min CNT growth reactions using the ICVD method.
fibre, indicating a very high degree of crystallinity, particularly for CVD-grown
materials. Assuming a base growth mechanism, the Raman characterisation once
again showed that the CNT crystallinity increased during the growth, as the CNTs
thickened, in agreement with the TGA data. Several studies (Maultzsch et al.,
2002a,b; Murphy et al., 2006) have reported that using the ratios between the
D mode and the G′ mode is a more reliable method for estimating the defect
concentration in CNT samples (Maultzsch et al., 2002b). A comparison of the
various possible ratios of the Raman signals as a function of position, calculated
based on both peak intensity (Figure 4.9a) and area (Figure 4.9b) showed similar
trends in all cases. Of the three ratios tested, G′/D ratios displayed the greatest
relative variation from tip to base.
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Figure 4.8: (a) SEM image of a silica fibre grafted with CNTs produced in the
120 min growth reaction. (b) Typical Raman spectra taken from different positions
identified in (a), along the aligned CNT array.
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4.3 Growth of N-doped CNTs on silica fibres
By introducing nitrogen-containing precursors into the feed solution, CNx-CNTs
can be grafted onto silica fibres using the same method as that used for the growth
of pure CNTs. In some cases, the incorporation of nitrogen into the graphene
network has been shown to improve the internal crystalline order, straightness,
and packing of ICVD-grown CNTs (Koziol et al., 2005; Ducati et al., 2006).
although, more often, nitrogen incorporation is associated with disorder (Terrones,
2005). In either case, the increased surface activity of CNx-CNTs, compared to
that of the pure CNTs, could help to improve the nanotube-matrix interaction in
composites (Terrones, 2004; Fragneaud et al., 2006).
A mixture of 3 wt% ferrocene, 58.5 wt% toluene, and 38.5 wt% pyrazine (Kosher
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grade, Sigma-Aldrich) was used as the feed solution. Longer growth times, of 60,
120 and 240 min, were required for the synthesis of CNx-CNTs under otherwise
standard ICVD conditions, as described in Section 4.1, page 81.
4.4 Characterisation of N-doped CNT-grafted sil-
ica fibres
4.4.1 Electron microscopy characterisation
Figure 4.10 shows the SEM images of silica fibres after the growth of CNx-CNTs.
Aligned CNx-CNTs were grown onto silica fibres in all reactions, with growth
times ranging from 60 to 240 min, showing the radial ‘brush-like’ morphology
(Figure 4.10a-c), that was also observed in the growth of pure CNTs with short
reaction times (Figure 4.2b). Figure 4.10d shows a close-up image of the fibre
surface after the growth reaction, with a few CNx-CNTs pulled out from the
primary fibre. It is clearly shown that the catalyst sites (indicated by rings) were
densely distributed on the surface. However, unlike the fibre surface morphology
after pure CNT growth (refer to Figure 4.5b, page 87), no embedded catalyst
particles were found on the fibre surface, indicating an altered interaction between
nanotubes and fibres through the catalyst particles. Elongated iron catalyst
particles (indicated by arrows) were also found at the root of the CNx-CNTs,
implying that the nanotubes were grown from the catalyst particles attached to
the fibre surfaces. The growth of CNx-CNTs also appeared to follow a base growth
mechanism, which agreed with the work of other groups on silica substrates (Kim
et al., 2003; Reyes-Reyes et al., 2004); the elongated catalyst shape was also
characteristic for CNx-CNTs (Reyes-Reyes et al., 2004; Ducati et al., 2006).
The apparent length and outer diameter of the CNx-CNTs were assessed using
high resolution SEM images taken from different areas of the array. Approx-
imately 600 diameters were measured per sample. The statistical analysis of
the length and the outer diameter of the CNx-CNTs (Table 4.2) showed the
same trends as that observed for pure CNTs (refer to Table 4.1, page 85); the
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Figure 4.10: SEM images of silica fibres after (a) 60, (b) 120, and (c) 240 min CNx-
CNT growth reaction via ICVD. (d) Close-up image of silica fibre surface after
deliberate removal of the grafted CNx-CNTs. The positions of silica fibres are
indicated by dashed lines and the elongated catalyst particles are indicated by
arrows.
average length and diameter, as well as the breadth of the diameter distribution
(Figure 4.11) increased with growth time. Again, the effect can be attributed
to catalyst ripening during the reaction, particularly with the continued supply
of iron. After the same reaction time (120 min), the length of CNx-CNTs was
91 ± 11 µm, only 14% of that of pure CNTs, 654 ± 23 µm. A reduction in the outer
diameter was also detected for the CNx-CNTs. These changes could be attributed
to the inhibiting effects of nitrogen (see detailed discussion below) on the formation
of CNx-CNTs during the growth reaction (Ducati et al., 2006; Sumpter et al., 2007;
Koós et al., 2009).
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Table 4.2: Lengths (l) and outer diameters (D) of CNx-CNTs grown on silica fibres
at different growth times via ICVD. The standard deviations are shown in the
brackets.
t (min) l (µm) D (nm) Dtip (nm) Dmid (nm) Dbase (nm)
60 33 (6) 27 (7) 19 (3) 28 (3) 33 (5)
120 91 (11) 60 (20) 42 (7) 63 (15) 75 (20)
240 132 (31) 65 (28) 38 (6) 61 (14) 93 (19)
 0
10
20
30
40
50
 10  20  30  40  50  60  70  80  90 100 110 120 130 140 150
Pe
rc
en
ta
ge
 [%
]
Diameter [nm]
60 min
120 min
240 min
Figure 4.11: Outer diameter distributions of CNx-CNTs produced at different
growth times.
4.4.2 TGA characterisation
The onset temperatures for the decomposition of CNx-CNTs were 475◦C, 484◦C
and 487◦C after the 60, 120 and 240 min reactions, respectively (Figure 4.12a).
The trends were similar to pure CNTs, i.e. the degree of crystalline perfection
of the CNx-CNTs was improved slightly as the reaction continued. The lower
onset temperature of CNx-CNTs than that of pure CNTs can be attributed to the
increasing number of defects and hence reactive sites due to the incorporation of
nitrogen (Koós et al., 2009).
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Figure 4.12: (a) TGA curves and (b) calculated yields as a function of growth time
of CNx-CNT-grafted silica fibres produced at different growth times.
Based on the analysis of TGA data, the average yields of CNx-CNTs grown in
the 60, 120 and 240 min reactions were 0.04, 0.80 and 2.33 mg/cm2, respectively.
The growth rate of CNx-CNTs on silica fibres (Figure 4.12b) was linear at around
0.013 mg/(cm2min) and the induction period for the growth was around 55 min.
The lower growth rate and longer induction period of CNx-CNTs, as compared to
pure CNTs, suggests that the incorporation of nitrogen slows down the growth
of nanotubes. First-principles static and dynamics calculations (Sumpter et al.,
2007) have indicated that nitrogen prefers to segregate to graphite edges, which
may inhibit the growth process; rearrangement or removal of nitrogen is required
for growth to continue. This lower growth rate correlates with the short CNx-CNTs
observed during the SEM characterisation (refer to Figure 4.10, page 95).
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4.4.3 Raman characterisation
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Figure 4.13: (a) SEM image of a silica fibre grafted with CNx-CNTs produced in
the 240 min reaction. (b) Typical Raman spectra taken from different positions
identified in (a), along the aligned CNx-CNT array.
Figure 4.13 displays the Raman spectra taken from three different positions along
the CNx-CNT array produced in the 240 min growth reaction. The G/D ratio
was used to describe the degree of disorder, in this case, since the G′ mode was
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Figure 4.14: (a) Relative Raman ratios and (b) FWHM (cm−1) of the D and G
modes as a function of position along the CNx-CNT array.
relatively weak. For CNx-CNTs, the disorder introduced by the nitrogen, both in
local bonding and overall microstructure (Liang et al., 2004), tended to decrease
the G/D ratio relative to the pure CNTs. In addition, both intensity (IG /ID) and
area (AG /AD) ratios increased from the tip to the base of the arrays, with the
effect more evident in the case of the area ratio (Figure 4.14a), again indicating
increasing crystalline quality as growth proceeded, consistent with the TGA data.
As a complementary assessment, Figure 4.14b shows the changes of the full width
at half maximum (FWHM) of the D and G modes as a function of position. The
values of the FWHM for both D and G modes dropped from the tip to the base, with
a stronger effect on the D mode. The narrowing of the Raman signals indicated
a better crystallisation of the nanotubes or a larger crystal planer domain size
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in graphite sheets and consequently a lower degree of disorder or a lower defect
concentration (Dillon et al., 1984; Liang et al., 2004).
4.5 Summary
Pure and N-doped CNTs were grown on silica fibres with good alignment simply by
using the ICVD method; the thickness of the grafted CNT layer can be controlled
from a few tens of microns to over half a millimetre by varying the growth time.
SEM and TEM observations on fibre surfaces after the growth reaction indicated
that the CNTs were bonded to fibres through the catalyst etching into the fibre
surfaces; the location of the catalyst implied a base growth mechanism. The
average diameter of the CNTs increased with prolonged growth time, in both
cases, due to the catalyst ripening during the reaction; at the same time, the
crystalline quality increased, as shown in both TGA and Raman characterisation.
The increase in crystallinity could be a size effect and/or due to the increasing
packing density of the CNTs.
Incorporation of nitrogen in the CNT growth resulted in a slower growth rate
and longer induction time. The CNx-CNTs appeared to be more defective due
to the disorder introduced by the nitrogen, as indicated by both TGA and Raman
characterisation, which showed decreased onset temperature and reduced G/D
ratio. However, CNx-CNTs may offer advantages in the context of hierarchical
composites due to their great packing density and surface reactivity, which has
potential for chemical interaction with a matrix.
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Grafting of CNTs on Carbon Fibres
This chapter reports the growth of CNTs on C320 and IM7 carbon fibres, using
different methods for the catalyst incorporation. The effects of the main growth
parameters, such as catalyst pre-deposition, carrier gas, flow ratio of hydrocarbon
gas to carrier gas and reaction temperature, on the morphology and alignment of
the grafted CNTs are discussed.
5.1 Growth of CNTs on C320 carbon fibres
5.1.1 CNT growth via ICVD
Based on the previous findings on silica fibres, the same grafting process using the
ICVD method (described in Section 4.1, page 81) was carried out on as-received
C320 carbon fibres. However, unlike the aligned CNT growth on silica fibres (see
Figure 4.2, page 83), SEM images of the carbon fibres after 1 h ICVD reaction
(Figure 5.1c) showed that only a few entangled CNTs were synthesised from a
few spots on the fibres, especially the crenulations of the surface, where catalyst
particles may accumulate easily. As shown in the close-up image (Figure 5.1d),
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small spots with higher contrast formed on the fibre surfaces after the ICVD
reaction, which could be due to the dissolution of iron catalyst into the carbon
fibres. This different growth result on carbon fibres, compared to that on silica
fibres, can be mainly attributed to the substrate-selectivity of the growth of CNTs
using the ICVD method; the effect has been attributed to the different adhesion
energy of the iron particles on the substrate surfaces, as well as perhaps different
surface diffusion rates of iron on various substrates (Zhang et al., 2000; Jung et al.,
2003).
Figure 5.1: SEM images of as-received C320 carbon fibres (a), (b) before and (c),
(d) after the growth reaction of CNTs using the ICVD method.
5.1.2 CNT growth via CVD
Incipient wetness techniques (Downs and Baker, 1995), also known as impregna-
tion techniques, were employed to load the catalyst on the carbon fibres prior to
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the CNT growth. To improve the surface compatibility and reactivity with metal
salts, the as-received C320 carbon fibres were modified with a 5 h acid oxidation
(Bismarck, 2007). Both the as-received and oxidised carbon fibres were initially
immersed into a 150 mM ethanolic solution of iron nitrate, Fe(NO3)3·9H2O (A.C.S
reagent, Aldrich), and then rinsed with distilled water. The impregnated fibres
were dried in an oven (OV-11, Medline Scientific Ltd.) at 100◦C, under vacuum
overnight, and then transferred into the furnace. During the heating process in
a mixture gas of 10% H2/Ar, discrete iron nanopaticles were generated on the
carbon fibres. The growth of CNTs on the pre-deposited catalysts was achieved
using acetylene (C2H2) as the hydrocarbon source for the CVD reaction. The
experimental setup (Figure 5.2) was very similar to that used in the ICVD process
(refer to Figure 4.1, page 82) except that the injection part was removed and the
C2H2 feedstock was connected to the reactor. Two kinds of carrier gas, Ar and a
mixture of 10% H2/Ar were tested at a constant growth time of 1 h.
Furnace
Temperature 
controller
Carrier gas
Bubbler
Activated
charcoal
Exhaust
Mass flow 
controller
Hydrocarbon
source
C2H2
Figure 5.2: Schematic diagram of the setup used for the CVD growth of CNTs.
The main growth parameters, such as the catalyst deposition, carrier gas, flow
ratio of hydrocarbon gas to carrier gas and reaction temperature, were varied to
study their effects on the growth of CNTs.
5.1.2.1 Effect of catalyst pre-deposition
The growth reactions were carried out on both the as-received and oxidised carbon
fibres, at 750◦C for 1 h using a 1:200 flow ratio of C2H2 to 10% H2/Ar.
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Figure 5.3: SEM images of (a), (c), (e) as-received and (b), (d), (f) oxidised C320
carbon fibres after (c), (d) the deposition of iron catalyst particles via incipient
wetness techniques and (e), (f) the growth of CNTs using the CVD method.
Crenulations along the fibre axis can be seen for both the as-received (Figure
5.3a) and oxidised (Figure 5.3b) carbon fibres. After performing the catalyst pre-
deposition, iron particles with diameters between 20 and 55 nm were uniformly
coated onto the oxidised fibre surface (Figure 5.3d), but were badly aggregated on
the as-received fibres (Figure 5.3c). It was reported that iron nitrate decomposes
104
5.1 GROWTH OF CNTS ON C320 CARBON FIBRES
completely to form crystalline iron oxides (hematite, Fe2O3) during heating
(Wieczorek-Ciurowa and Kozak, 1999; Emmenegger et al., 2003). The hematite
crystals were reduced to intermediate oxides (magnetite Fe3O4, wüstite FeO) by
the hydrogen and finally transformed to Fe or Fe3C particles, which serve as
catalytic sites for the CNT growth. For the oxidised fibres, the greater polarity and
possibly the ability of surface oxide groups, particularly carboxylate groups (Wu
et al., 1995; Verdejo et al., 2007), to coordinate to the iron salts, encourage wetting
and help to prevent the aggregation of catalyst particles on the surface, leading to
a uniform coating of catalyst particles. In both cases, these particles acted as the
catalyst for the growth of CNTs, giving rise to the CNT-grafting on fibres, but with
different characters. The as-received carbon fibres showed heterogeneous grafting
of CNTs, due to the poor catalyst distribution (Figure 5.3e). On the oxidised fibres,
the CNTs were homogeneously distributed, with diameters in the range of 21
to 53 nm and lengths of a few hundred nanometres (Figure 5.3f). As expected,
the CNT diameters were consistent with the size of iron particles (Sinnott et al.,
1999). Thus, the initial oxidation of the carbon fibres before catalyst deposition
was crucial for a uniform grafting of CNTs.
5.1.2.2 Effect of carrier gas
Pure Ar and 10% H2/Ar were compared using the catalyst pre-deposited oxidised
carbon fibres; CVD was performed at 750◦C for 1 h using a 1:200 flow ratio of C2H2
to carrier gas.
Figure 5.4a-b show that a uniform grafting layer was successfully grown onto the
fibre surfaces in both cases. However, at higher magnification, it was apparent
that the morphologies and diameters of the CNT-grafting varied significantly. In
the pure Ar reaction (Figure 5.4c), large carbon filaments, around 250 nm in
diameter, were grown together with the CNTs, which were approximately 40 nm in
diameter. It was clear from the TEM characterisation (Figure 5.4e) that the carbon
filaments, unlike the CNTs, had no apparent wall structure on hollow cavity, and
were highly defective (tending towards amorphous) (Cui et al., 2003). On the other
hand, when 10% H2/Ar was used as the carrier gas, CNTs with a narrow diameter
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Figure 5.4: (a)-(d) SEM and (e),(f) TEM images of CNT-grafted C320 carbon fibres
produced using different carrier gas, (a),(c) and (e) pure Ar, (b),(d) and (f) 10%
H2/Ar, at 750◦C for 1 h, using a 1:200 flow ratio of C2H2 to carrier gas.
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distribution about 40 nm were obtained (Figure 5.4d). It has been reported that
overgrowth of pyrolytically-deposited carbon can lead to the formation of thicker
carbon filaments or other types of carbon materials and that the introduction of
H2 can prevent excess deposition of amorphous carbon (Kim et al., 2002; Dong
et al., 2002). In addition, the TEM data showed the presence of iron particles
located at the tip of the CNTs (denoted by arrows in Figure 5.4f). This observation
implied a tip-growth mechanism for the growth of CNTs on carbon fibres using
the CVD method; in contrast to the base growth on silica fibres via ICVD. It is
worth noting that tip growth is less likely to produce aligned CNTs, since there is
little steric constraint of the CNTs as they grow into free space, particularly in the
circumferentially-expanding cylindrical geometry.
5.1.2.3 Effect of flow ratio
The flow ratio of the hydrocarbon source (C2H2) to the carrier gas (10% H2/Ar)
was varied between 1:200, 1:300 and 1:400 under otherwise standard CNT growth
reactions (iron pre-deposited oxidised carbon fibres at 750◦C for 1 h).
Figure 5.5 shows that CNTs with different morphologies were grown at different
flow ratios. When the flow ratio was 1:200, curly CNTs were grown uniformly on
the fibre surfaces (Figure 5.5a-b). The thickness of the CNT grafting layer was
around 3.5 µm and the average diameter of CNTs was about 40 nm. By reducing
the ratio to 1:300, long and straight CNTs were formed (Figure 5.5c-d) and the
thickness of the CNT layer decreased to around half a micrometre. However, as
the flow ratio was further reduced to 1:400, CNTs were only grown from a small
fraction of catalyst particles; other iron particles remained on the fibre surface
without seeding the growth of CNTs during the reaction (Figure 5.5e-f). This
phenomenon was presumably due to insufficient supply of hydrocarbon. On the
other hand, excess hydrocarbon supply may lead to uncatalysed decomposition
and pyrolytic overcoating of CNTs, given that the rate-limiting step for the growth
was carbon diffusion through the metal particles (Baker, 1989). Thus, the growth
of CNTs on carbon fibres was sensitive to the flow ratio of hydrocarbon source to
carrier gas; by varying the ratio, different morphologies could be obtained.
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Figure 5.5: SEM images of CNT-grafted C320 carbon fibres grown by using
different flow ratios of C2H2 to 10% H2/Ar, (a),(b) 1:200, (c),(d) 1:300, (e),(f) 1:400,
at 750◦C for 1 h.
108
5.1 GROWTH OF CNTS ON C320 CARBON FIBRES
5.1.2.4 Effect of temperature
Figure 5.6: SEM images of CNT-grafted C320 carbon fibres grown at different
temperatures, (a), (b) 700◦C, (c), (d) 720◦C, using a 1:300 flow ratio of C2H2 to 10%
H2/Ar for 1 h.
The growth reactions were also carried out on the oxidised carbon fibres at 700◦C
and 720◦C using 1:300 flow ratio of C2H2 to 10% H2/Ar for 1 h. As shown
previously in Figure 5.5c-d, the carbon fibres were fully covered by long and
straight CNTs after the CVD reaction at 750◦C. However, after reducing the
reaction temperature, the yield of CNTs decreased substantially. It can be seen
in Figure 5.6 that only a few CNTs with significantly different diameters were
synthesised. Meanwhile, a large number of apparently inactive catalyst particles
were observed on the fibre surfaces after the reaction (Figure 5.6b, d). This effect
was possibly due to the low solubility of carbon in the iron catalyst at 700◦C
and 720◦C, which are below the iron eutectic temperature, 723◦C (Pollack, 1988).
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Although surface diffusion driven growth has been identified (Hofmann et al.,
2005), crystallinity is usually lower and reaction conditions different to the more
common bulk diffusion mechanism (Baker, 1989).
5.1.3 Raman characterisation of CNT-grafted C320 carbon
fibres
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Figure 5.7: Raman spectra of C320 carbon fibres before and after the growth of
CNTs.
Raman characterisation was performed on the oxidised and CNT-grafted C320
carbon fibres, which were produced at 750◦C for 1 h using 1:200 flow ratio of
C2H2 to 10% H2/Ar (refer to Figure 5.3f, page 104). As shown in Figure 5.7a,
two characteristic broad bands, D and G modes, were detected from the carbon
fibres. After the CNT growth, the characteristic signals of MWCNTs appeared, as
indicated by the narrower band width of the D and G modes and the presence of
the G′ band. In this case, both the signals from carbon fibres and CNT-grafting
were detected, leading to convolution exhibited in the spectra (Figure 5.7b).
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5.2 Growth of CNTs on IM7 carbon fibres
5.2.1 Catalyst incorporation via incipient wetness technique
As discussed earlier, the initial oxidation of carbon fibres is crucial for obtaining a
uniform deposition of catalyst particles. Therefore, the same oxidation process was
conducted on the unsized IM7 carbon fibres, except using a shorter acid treatment
time (30 min), in order to minimise/prevent the fibre strength loss. The iron
catalyst was introduced onto the oxidised carbon fibres using the incipient wetness
technique (refer to Section 5.1.2, page 102). Optimal growth conditions determined
from the preliminary study on C320 carbon fibres were used; the reactions were
performed at 750◦C for 1 h using a 1:300 flow ratio of C2H2 to 10% H2/Ar. Surface
morphologies of the carbon fibres after different modifications are displayed in
Figure 5.8. After the catalyst pre-deposition, similar iron particles, with diameters
in a range of 20 to 45 nm, were uniformly deposited onto the oxidised fibres
(Figure 5.8d). These iron catalyst particles gave rise to a homogeneous growth
of CNTs, with diameters between 20 and 50 nm (Figure 5.8f). Again, the size of
the CNTs matched the catalyst particles. The density of the CNT-grafting grown
on IM7 carbon fibres was relatively lower than that on C320 carbon fibres, which
could be attributed to different surface reactivity of primary carbon fibres as a
result of different oxidation time.
5.2.2 Catalyst incorporation via electrochemical deposition
The grafting methodology using incipient wetness techniques was demonstrated
on both C320 and IM7 carbon fibres. However, in both cases, the initial
oxidation was necessary for improving the surface reactivity for subsequent
catalyst deposition. In order to avoid this time-consuming pretreatment, con-
sideration was given to alternative methods for catalyst incorporation on as-
received carbon fibres, e.g. electrochemical deposition, which is considered as
a viable method for fabrication of thin metallic particles/films (Grujicic, 2005).
Pre-deposition of iron particles on carbon fibres via electrochemical deposition
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Figure 5.8: SEM images of (a), (c), (e) as-received and (b), (d), (f) oxidised IM7
carbon fibres after (c), (d) the deposition of iron catalyst particles via incipient
wetness techniques and (e), (f) the growth of CNTs using the CVD method.
was performed at ambient temperature, using a three-electrode cell shown in
Figure 5.9. IM7 carbon fibre tows (12K filament count), were used as the working
electrode, directed through a stainless steel tube, which was served as the counter
electrode. A silver-silver chloride (Ag/AgCl) reference electrode was used. The
potentiostatic experiments were carried out using the SI 1287 electrochemical
interface (Solartron Instruments). The electrolyte bath was freshly prepared
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using deionised water (with a resistivity of 18 MΩcm), composing of 45 mM
Fe2SO4·7H2O + 61 mM (NH4)2SO4 (Liu et al., 2004) of pH 3.4. Addition of
ammonium ions in the electrolyte not only improves the conductivity (Blum
and Hogaboom, 1949), but also inhibits the iron hydroxide precipitation on the
electrode (Deelo et al., 2006). All chemicals (A.C.S reagent grade) were purchased
from Aldrich. After the electro-chemical deposition, the carbon fibres were rinsed
by distilled water and dried in air.
Stainless Steel (SS) TubeTeflon Holder
A
U
CE: SS TubeRE: Ag/AgCl WE: Carbon Fibres
Figure 5.9: Schematic diagram of the electrochemical deposition setup (WE:
working electrode; CE: counter electrode; RE: reference electrode).
In order to determine the deposition potential, cyclic voltammetry (CV) measure-
ments were performed between -1.5 V and 0 V (Figure 5.10a). The potential scan
in the cathodic direction revealed that the reduction of the iron ions has an onset
potential at around -0.5 V vs Ag/AgCl reference. Fe2+ and Fe3+ ions were reduced
to iron, leading to a deposition of iron particles on the working electrode, i.e. the
IM7 carbon fibres:
Fe3+ + e− *) Fe2+ (Eo = +0.77 V) (5.1)
Fe2+ + 2e− *) Fe (s) (Eo = -0.44 V) (5.2)
The rapid increase of the cathodic current was also attributed to hydrogen
evolution, which is a catalysed process, occurring vigorously at the Fe cluster
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formed during the deposition (Harraz et al., 2005; Zarpellon et al., 2005):
2H+ + 2e− *) H2 (g) (Eo = 0 V) (5.3)
As for the scan in the anodic direction, an anodic current peak was observed, which
could be related to the oxidation of Fe to Fe2+, and Fe2+ to Fe3+ (or Fe to Fe3+ in
some part) (Zarpellon et al., 2005).
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Figure 5.10: (a) Cyclic voltammogram recorded at a scanning rate of 5 mV/s in a
45 mM FeSO4 + 61 mM (NH4)2SO4 electrolyte. (b) Typical currents as a function
of deposition time at different potentials.
Two potentials, -0.75 and -1.15 V, were used for the iron pre-deposition and the
recorded currents during the deposition process are shown in Figure 5.10b. As
expected, the higher deposition potential resulted in a higher current, leading to
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Figure 5.11: SEM images of as-received IM7 carbon fibres after (a),(c),(e)
the catalyst deposition and (b),(d),(f) the CVD growth reaction using different
electrochemical deposition parameters. (a),(b) -1.15 V, 1 min; (a),(b) -0.75 V, 1 min;
(e),(f) -0.75 V, 5 min.
a higher nuclei density and a larger cluster size of iron deposits on the fibres
(Figure 5.11a). As discussed earlier, the size of catalyst particles is a critical
factor in determining the quality of the CNT growth. Due to the large size
of iron particles and aggregates, with diameter in the range 100-700 nm, only
chunky amorphous carbon, with a few CNTs, were formed after the CVD growth
reaction (Figure 5.11b). It was reported that the rate of hydrogen evolution also
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increased with higher potential, which may decrease the current efficiency and
block the active sites for iron nucleation (Harraz et al., 2005). In the case of
the lower potential, smaller particles were uniformly coated on the fibre surfaces
(Figure 5.11c). After the CVD growth, sparsely distributed CNTs were grown due
to the relatively low density of catalyst particles (Figure 5.11d). By increasing the
deposition time from 1 to 5 min at -0.75 V, an apparent increase of the amount of
iron particles was observed (Figure 5.11e), thus the density of grafted CNTs was
increased (Figure 5.11f). The average diameter of the CNTs was around 35 nm.
In the case of as-received carbon fibres, better CNT-grafting was obtained using the
electrochemical deposition method (Figures 5.11f) than using the incipient wetness
technique (refer to Figures 5.8e, page 112). Theoretically, the morphology, size
and density of the catalyst deposits can be controlled by varying the deposition
conditions, such as the concentration and pH of the electrolyte, deposition
potential and deposition time (Liu et al., 2004; Grujicic, 2005; Harraz et al.,
2005). With further development and optimisation of the deposition conditions,
this method could lead to higher CNT-grafting density and be applied on the
continuous, scale-up production of CNT-grafted carbon fibres.
5.3 Summary
Different from silica fibres, the nature surface of carbon fibres was not favourable
for the CNT growth using the ICVD method. As an alternative, CNTs were
successfully grown onto carbon fibres by pre-coating catalyst on fibres for subse-
quent CVD synthesis. Two methods of catalyst pre-deposition were explored; the
incipient wetness technique was easy to adopt, but the initial oxidation of carbon
fibres was necessary. On the other hand, better CNT-grafting was obtained on the
as-received fibres using electrochemical deposition, providing potential for scale-
up of the grafting process of carbon fibres.
The effects of different CVD growth conditions, such as the carrier gas, flow
ratio and reaction temperature, on the morphology of CNTs were investigated.
The best growth conditions identified used 10% hydrogen in the carrier gas
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to prevent carbon overgrowth, and an intermediate hydrocarbon concentration
(1:300-1:200 dilution in the carrier gas). The reaction temperature strongly affects
the solubility of carbon in iron, which plays an important role in the CNT growth.
In addition, longer initial oxidation time can produce more activation sites on
carbon fibres for the catalyst pre-deposition and help to stabilise iron catalyst on
fibres, leading to higher density of the CNT-grafting.
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Characterisation of CNT-Grafted
Carbon Fibres and Their Model
Composites
This chapter reports the influence of CNT-grafting on the surface and tensile
properties of C320 and IM7 carbon fibres, as well as the interfacial characteristics
of their model hierarchical composites. Single fibre pull-out, push-out tests were
performed on model carbon fibre/epoxy composites; single fibre fragmentation tests
were based on PMMA, due to the greater strain to failure of the matrix. The
fracture behaviours of the different fibre/matrix systems are compared.
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6.1 Characterisation of CNT-grafted C320 carbon
fibres and their epoxy composites
6.1.1 CNT-grafted C320 carbon fibres
The characterisation presented in this section was performed on the oxidised C320
carbon fibres before and after CNT-grafting (see Figure 5.3 b and f, respectively,
page 104). By grafting CNTs on the fibres, the BET surface area increased from
0.24 ± 0.02 to 1.60 ± 0.11 m2/g; based on an average outer diameter of 35 nm, this
surface area increase implied a CNT-grafting density around 0.07 g/m2. In order
to improve the surface reactivity of CNTs, a thermal oxidation of the CNT-grafted
C320 carbon fibres was carried out in air at 300◦C for 1 h.
6.1.2 Wettability and surface energy of fibres
The advancing and receding contact angles, measured in different test liquids,
using the modified Wilhelmy method, are reported in Table 6.1. The diameters
of carbon fibres were determined in n-dodecane (refer to methodology in Sec-
tion 3.8.1, page 69). It was apparent that the advancing contact angle, θa, in water,
substantially increased after introducing hydrophobic CNTs (Li et al., 2002) onto
the fibre surfaces. However, θa decreased slightly after the thermal oxidation, as
intended, due to the introduction of polar groups onto the surface of the CNTs.
The receding contact angle, θr, showed a similar trend. The difference of these
two contact angle values, defined as the contact angle hysteresis (Extrand and
Kumagai, 1997), dramatically increased following the CNT grafting. This change
may be attributed to the increase in chemical surface heterogeneity and surface
roughness as a result of the CNT grafting, which was demonstrated in the BET
surface area measurements. Compared with the considerable change of contact
angles in water, the contact angles of the modified carbon fibres measured in DIM
showed no significant variation or hysteresis, due to the similarity of the dispersive
(rather than polar) interactions for the carbon fibre and CNT surfaces.
The wettability of CNT-grafted carbon fibres by the epoxy matrix was also tested
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to provide a direct measure of the thermodynamic work of adhesion, WA, between
the fibres and the matrix (refer to Equation 3.14, page 70). This evaluation is
only valid for the epoxy component of the matrix before the curing process, but
does provide a preliminary assessment of the likely ease of subsequent composite
manufacture. The advancing contact angle measured in epoxy increased slightly
after CNT-grafting but the effect was again mitigated by the thermal oxidation
process, which increased the relative wettability of the CNTs and the work of
adhesion. The receding contact angle was not detectable due to a relatively strong
drag force induced by the high viscosity of the epoxy matrix during the emersion
process.
Table 6.1: Advancing (θa) and receding (θr) contact angles in water, DIM and
epoxy, for the C320 carbon fibres measured using the modified Wilhelmy method.
The standard errors are shown in brackets. Cox: HNO3-oxidised carbon fibres;
NT-Cox: CNT-grafted carbon fibres; Ox NT-Cox: thermally-oxidised CNT-grafted
carbon fibres.
Fibre d (µm)
θa (H2O) θr (H2O) θa (DIM) θr (DIM) θa (epoxy)
(◦) (◦) (◦) (◦) (◦)
Cox 7.2 (0.1) 47.7 (1.6) 36.2 (2.7) 46.8 (0.9) 42.8 (1.4) 58.5 (2.8)
NT-Cox 7.5 (0.2) 100.3 (1.0) 56.3 (2.6) 47.8 (1.5) 44.8 (1.3) 65.1 (2.1)
Ox NT-Cox 7.5 (0.2) 92.2 (2.9) 44.7 (0.7) 45.0 (0.8) 43.4 (0.5) 60.3 (1.5)
The surface energy of the carbon fibres was calculated from the advancing contact
angles measured in a pair of polar (water) and nonpolar (DIM) test liquids using
Wu’s harmonic mean equation (Equation 3.11, page 69). As shown in Table 6.2,
the surface energy, γs, and its polar contribution, γ
p
s , decreased considerably
after grafting the carbon fibres with CNTs, which are relatively hydrophobic.
Although the surface energy remained more or less constant after the thermal
oxidation of the CNT-grafted fibres, the polar contribution substantially increased.
This effect can be related to the increasing concentration of polar surface oxides
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(Bismarck et al., 1999b), giving rise to an improvement of the wettability by both
water and the epoxy resin. It is generally accepted that γds reflects the essential
surface characteristics of the carbon or partly graphitised carbon framework of
the fibre (Bismarck et al., 1999a). An increase of γds was observed by introducing
highly graphitised CNTs onto the fibre surface, and the value decreased after
the thermal oxidation, potentially indicating a disruption of the CNT graphitic
structure. Thus, the CNT-grafting has only a slight effect on the wettability of
carbon fibres in nonpolar liquids. In addition, the thermal oxidation leads to an
improved interaction with polar liquids, as indicated by the increasing surface
polarity, which is likely to be advantageous for composite manufacture.
Table 6.2: Surface energy (γs) and the polar (γ
p
s ) and dispersive (γds ) components
as well as the surface polarity (X p) for the C320 carbon fibres calculated from
the measured advancing contact angle in water and DIM. The standard errors are
shown in the brackets. Cox: HNO3-oxidised carbon fibres; NT-Cox: CNT-grafted
carbon fibres; Ox NT-Cox: thermally-oxidised CNT-grafted carbon fibres.
Fibre γs (mN/m) γ
p
s (mN/m) γds (mN/m) X
p=γps /γs
Cox 54.6 (1.4) 29.7 (1.0) 24.9 (0.4) 0.54
NT-Cox 38.8 (2.4) 1.0 (0.6) 37.8 (1.9) 0.03
Ox NT-Cox 37.8 (3.0) 4.6 (1.4) 33.2 (1.6) 0.12
6.1.3 Interface characterisation of model composites
6.1.3.1 Single fibre pull-out tests
The apparent IFSS between the C320 carbon fibres and epoxy matrix was initially
measured using single fibre pull-out tests. By plotting the peak force required to
debond the interfacial adhesion as a function of the embedded area (Figure 6.1a),
the apparent IFSS can be deduced from the gradient of the linear fit (summarised
in Table 6.3). A significant increase of the IFSS was observed in the composites
with CNT-grafted carbon fibres. The IFSS increased from about 75 to 118 MPa,
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Figure 6.1: Single fibre pull-out test results of C320 carbon fibres without and
with CNTs on the surface. (a) Peak force as a function of embedded area. IFSS is
given by linear fits. (b) IFSS as a function of embedded length.
representing around a 60% improvement. The improvement of the interfacial
performance was probably due to the increased surface area and interfacial
bonding between the CNTs and the matrix, which was consistent with the previous
data shown in the literature (Downs and Baker, 1995; Thostenson et al., 2002).
Although it was difficult to obtain data across an identical range of embedded
lengths, due to the delicacy of the test and the difference in strength of the fibres
(will be discussed below), Figure 6.1b clearly shows that the IFSS was independent
of the embedded fibre length for both the primary and CNT-grafted carbon fibres.
This behaviour was observed previously in carbon fibre/epoxy systems (Deng et al.,
1998) and indicated that the fibre/matrix interface displacement was associated
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with a predominantly ductile type failure (Meretz et al., 1993; Ramanathan et al.,
2001b).
6.1.3.2 Push-out tests
Figure 6.2: Typical SEM images of both sides of the composite specimen after the
push-out test, showing the C320 carbon fibres protruding from the matrix.
Table 6.3: Single fibre pull-out and push-out test results before and after CNT-
grafting. The standard errors are shown in brackets.
Fibre Pull-out τapp (MPa) Push-out τapp (MPa)
without CNTs 75.2 (4.2) 49.5 (1.4)
with CNTs 118.3 (1.9) 50.6 (2.8)
After the push-out tests, the composite specimens were examined by SEM
(Figure 6.2), showing that the fibres had been pushed out from the matrix. Unlike
the pull-out data, CNT-grafted carbon fibres exhibited no significant improvement
in interfacial shear strength in the push-out tests (Table 6.3). A hypothesis
proposed to explain this difference is illustrated in Figure 6.3. For conventional
fibre/epoxy composites, the fracture always occurs at the interface between the
fibre and the matrix in both test modes (Kalinka et al., 1997; Ramanathan
et al., 2001a). However, CNT-grafting changes the fracture mode during testing
depending on the loading mechanism. In single fibre pull-out tests, the fibre is
123
6.1 CHARACTERISATION OF CNT-GRAFTED C320 CARBON FIBRES AND
THEIR EPOXY COMPOSITES
loaded from the outside, over a large region, and stress gradually transfers into
the matrix through the wetting cone, leading to fracture through the relatively
strong CNT-reinforced region. On the other hand, during push-out tests, the fibre
is loaded locally at the centre, leading to an internal, longitudinal, cohesive failure.
The inner part of the fibre is pushed out while the outer layer remains bonded to
the matrix through the CNT layer.
with CNTs
a
b
Figure 6.3: Schematic diagrams of the proposed failure mechanisms for (a) single
fibre pull-out and (b) push-out tests, before and after growing CNTs onto the fibre
surfaces.
6.1.3.3 Fractographic analysis
This mechanistic interpretation was supported by the fractographic analysis of
composite specimens (see preparation details in Section 3.9.4, page 77); typical
SEM images of the fibres and imprints taken from the fracture surfaces are
displayed in Figure 6.4. For the composites without CNTs, the fracture morphol-
ogy was consistent with transverse (intralaminar) fracture (Greenhalgh, 2009),
with the fracture plane at the fibre/matrix interface and the fibre crenulations
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Figure 6.4: SEM images of fracture surfaces of C320 carbon fibre/epoxy
composites (a), (b) without and (c)-(f) with CNTs grafted on fibres.
clearly visible (Figure 6.4a-b). The fracture surface of the composites with CNT-
grafted fibres (Figures 6.4c-d) presented completely different morphologies, with
the fibres exhibiting an unusual, rough surface. The failure plane was within the
fibres rather than at the interface (Figure 6.4e-f). The outer layers of the fibres
were peeled off during the fracture process, with the fibre diameter reduced from
approximately 7.5 to 6.7 µm. This fractographic study supported the cohesive
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failure hypothesis (refer to Figure 6.3, page 124).
Figure 6.5: SEM images of iron pre-deposited C320 carbon fibres treated at
different temperatures after the HCl etching: (a), (b) 750◦C, (c) 720◦C and (d)
700◦C. (b) An enlarged view of the square area shown in (a).
In addition, small pits were observed on the fracture surfaces of the CNT-grafted
fibre composites. To explore their formation, iron pre-deposited carbon fibres (see
Figure 5.3d, page 104) were washed with a 0.36 M hydrochloric acid (HCl, Fluka).
This etching process removed iron or possibly iron carbide to reveal numerous pits
with diameters in a range of 19-61 nm, uniformly distributed on the fibre surface
(Figure 6.5a-b). Such pits were not observed on HCl-treated carbon fibres without
deposition of iron nanoparticles. In fact, even fibres treated with iron nitrate
showed no pitting after exposure to the temperature up to 700◦C (Figure 6.5d).
Only the carbon fibres taken to a reaction temperature above 720◦C displayed
pitting, presumably due to increased solubility of carbon in iron above the eutectic
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temperature of 723◦C (Pollack, 1988). The formation of the pits can be attributed
to the dissolution of iron into the carbon fibres at the reaction temperature and
its subsequent removal by the HCl etching process. These features were likely
to have weakened the outer layers of the fibres, leading to the type of unusual
cohesive failure observed.
6.1.4 Single fibre tensile properties
Table 6.4: Single fibre tensile test results for the C320 carbon fibres, determined
at different gauge lengths. The standard errors are shown in brackets.
Fibre
Gauge length Tensile strength Tensile modulus
(mm) (MPa) (GPa)
without CNTs
15 3990 (170) 245 (2)
25 3500 (170) 247 (1)
35 3320 (130) 245 (1)
with CNTs
15 1840 (100) 246 (4)
25 1590 (110) 240 (2)
35 1450 (70) 246 (2)
To explore the effects of this surface damage on the properties of the carbon
fibres, single-fibre tensile tests were carried out at three different gauge lengths
(Table 6.4 and Figure 6.6). The modified carbon fibres lost nearly 55% of
their original strength after the CNT-grafting process. The degradation can be
attributed to the surface damage of the fibres discussed above, i.e. the iron etching
shown in Figure 6.5 (page 126). However, the tensile modulus of the fibres was
unaffected (Figure 6.6b), suggesting an undamaged fibre core. It is well known
that the flaw-induced nature of fibre failure results in a length dependence for
its tensile strength (Park et al., 2003). Indeed, the averaged tensile strength of
all the fibres decreased as the gauge length increased. The Weibull distribution
was calculated to account for the length dependence (refer to Section 3.7, page 66)
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and the fitted curves are shown in Figure 6.6a. The Weibull shape (m) and scale
(σ0) parameters for the primary and CNT-grafted C320 carbon fibres were 5.82,
6710 MPa and 4.36, 3760 MPa respectively. The similar trends of the Weibull
predictions indicated that the surface damage was relatively homogeneous and
consistent with a uniform distribution of nanoscale pits over the whole fibre
surface.
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Figure 6.6: Single fibre tensile data: (a) strength and (b) modulus plotted as
a function of gauge length for the C320 carbon fibres. The Weibull distribution
(shown as lines) in (a) was used to account for the gauge length dependence of the
tensile strength.
Single fibre tensile tests were also carried out on CNT-grafted carbon fibres
produced at 720◦C (see Figure 5.6c-d, page 109). It was found that the degradation
128
6.2 CHARACTERISATION OF CNT-GRAFTED IM7 CARBON FIBRES AND
THEIR PMMA COMPOSITES
of fibre strength was not so severe, at around 35%, indicating reduced surface
damage of the fibres. This result was consistent with the SEM observation of
less pitting on the fibre surfaces after HCl etching (see Figure 6.5c, page 126).
However, as discussed in Section 5.1.2.4 (page 109), CNT growth below the eutectic
temperature was not successful, possibly due to the low solubility between carbon
and iron.
6.2 Characterisation of CNT-grafted IM7 carbon
fibres and their PMMA composites
6.2.1 CNT-grafted IM7 carbon fibres
The characterisation work presented in this section was conducted on the as-
received, oxidised, and CNT-grafted IM7 carbon fibres (see Figure 5.8a, b and f,
respectively, page 112). Model, single-fibre composites were prepared based on a
PMMA matrix. A slight increase in BET surface area was observed for the oxidised
carbon fibres, from 0.57 ± 0.01 to 0.71 ± 0.01 m2/g, as expected due to etching of
the surface (Plueddemann and Broutman, 1974). However, the BET surface area
increased further to 1.71 ± 0.02 m2/g after CNT-grafting; based on an average
outer diameter of 30 nm, this surface area increase implied a CNT-grafting density
around 0.015 g/m2. Similar increases in surface area were observed for CNT-
grafted C320 carbon fibres, but the relative magnitude of the effect was bigger
(refer to Section 6.1.1, page 119). Variations in the oxidation time and the surface
structure of carbon fibres gave rise to a higher grafting density in the case of C320
carbon fibres; the initial C320 fibre diameter was larger and hence the absolute
surface areas were smaller.
6.2.2 Single fibre tensile properties
It has been reported (Wu et al., 1995; Ibarra and Paños, 2003) that extensive
oxidation of carbon fibres can cause significant reductions in tensile strength.
However, a slight increase of the fibre strength was detected after the oxidation
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step in this work (Table 6.5 and Figure 6.7a), indicating the strength may be
maintained with short oxidation times, i.e. no more than 30 min. After the CNT
growth, the fibre strength dropped by around 17%, due to the dissolution of iron
catalyst into the carbon fibres at the reaction temperature. As mentioned earlier,
the strength loss for C320 carbon fibres was around 55%. The greater degradation
in that case correlated with the higher CNT-grafting density, although variations
in the graphite microstructure and intrinsic properties of the primary fibres may
also play a role. The Weibull distribution was also fitted to the experimental data
(Figure 6.7a); the similarity of the gradients indicated that the surface damage
was relatively uniform along the fibres. On the other hand, the tensile modulus of
the fibres was almost unaffected (Figure 6.7b), suggesting the fibre core remained
undamaged during the modifications, which was consistent with the previous
study of C320 carbon fibres.
Table 6.5: Single fibre tensile test results for the IM7 carbon fibres, determined
at different gauge lengths. The standard errors are shown in brackets.
Fibre
Gauge length Tensile strength Tensile modulus
(mm) (MPa) (GPa)
as-received
15 5890 (160) 298 (3)
25 5650 (190) 298 (1)
35 4840 (160) 299 (1)
oxidised
15 6260 (170) 300 (2)
25 6080 (180) 296 (1)
35 5150 (220) 299 (1)
CNT-grafted
15 4950 (170) 292 (3)
25 4670 (180) 287 (1)
35 4000 (180) 291 (1)
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Figure 6.7: Single fibre tensile data: (a) strength and (b) modulus plotted as
a function of gauge length for the IM7 carbon fibres. The Weibull distribution
(shown as lines) in (a) was used to account for the gauge length dependence of the
tensile strength.
6.2.3 Wetting behaviour of fibres by polymer matrix
As discussed earlier, wettability provides a preliminary assessment of the ease
of subsequent composite manufacture. However, the modified Wilhelmy method
could not satisfactorily characterise the wettability between fibres and matrix,
because polymer matrices are intrinsically solid or highly viscous, at room
temperature. As an alternative, the drop-on-fibre method was used to measure
the equilibrium contact angles between carbon fibres and PMMA.
131
6.2 CHARACTERISATION OF CNT-GRAFTED IM7 CARBON FIBRES AND
THEIR PMMA COMPOSITES
Figure 6.8: Optical micrographs of typical PMMA droplets formed on (a) as-
received and (b) oxidised and (c) CNT-grafted IM7 carbon fibres.
Typical micrographs of PMMA droplets formed on different carbon fibres are
shown in Figure 6.8, all showing barrel-type droplets, which is the preferred
configuration when the contact angle is relatively small (clam-type droplets are
characteristic of poor wetting, with contact angles larger than 60◦) (Carroll, 1986;
McHale et al., 2000). It is generally accepted that axially symmetric, barrel-
type polymer droplets can be formed on fibres that possess good wettability
by the polymer, due to the geometrical constraints of a Laplace ellipsoid on a
cylindrical fibre (Neimark, 1998; Tran et al., 2008). After oxidation, the contact
angle decreased slightly from 27.4 ± 0.8◦ to 25.7 ± 0.8◦, due to the presence of
additional surface oxides after the acid treatment. The contact angle dropped
further to 21.6 ± 0.7◦ after CNT-grafting, indicating a good wettability by PMMA.
The result might be surprising from a chemical perspective but could be explained
by considering roughness. As mentioned above, the grafting process gave rise to a
significant increase in surface area, i.e. roughness of the primary carbon fibres.
Surface roughness plays an important role in the wettability of a surface and
the impact of roughness on the equilibrium contact angle can be described by the
Wenzel equation (Wenzel, 1949):
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cos(θr)= r cos(θs) (6.1)
where r is the roughness factor, defined as the ratio between the actual and
projected area of a rough surface; θs and θr are the apparent contact angles on
the smooth and rough surfaces, respectively. Wenzel’s relation shows that the
roughening effect (r > 1) enhances either the wetting or the non-wetting properties
of the solid-liquid system, depending on whether θs is smaller or greater than
90◦ (Wolansky and Marmur, 1999; Hsieh et al., 2005). As the carbon fibres were
wettable by the polymer, a decrease in contact angle was expected in this case. The
roughness factor of the CNT-grafted fibres, estimated based on the measured BET
surface areas was about 4. Theoretically, this large increase in roughness could
lead to a more significant decrease of the apparent contact angle than observed;
however, the CNTs are more hydrophobic than the oxidised carbon fibre surface
(refer to the surface energy discussion in Section 6.1.2, page 119), resulting in a
more modest improvement in wetting.
6.2.4 Interface characterisation of model composites
Figure 6.9: Dark field micrographs of (a) as-received (b) oxidised and (b) CNT-
grafted IM7 carbon fibre breaks in PMMA matrix after the fragmentation test. The
bright areas represent the cracks and the arrows indicate the fragment length.
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The interfacial properties of IM7 carbon fibre/PMMA model composites were
investigated further, using single fibre fragmentation tests (Figure 6.9). The
morphology associated with the fibre breaks can offer valuable clues regarding the
interface strength (Feih et al., 2004). The composite specimens with as-received
carbon fibres exhibited apparent debonding at the interface and no damage in the
matrix around the fibre breaks (Figure 6.9a), implying a relatively weak interface.
Significant interface debonding was also observed for the composites containing
oxidised carbon fibres (Figure 6.9b). By grafting fibre surfaces with CNTs, the
failure of the composite specimen indicated a moderately strong interface bond,
with a mixture of break widening and apparent local deformation of the matrix
(represented by the bright areas in Figure 6.9c).
The histogram of fragment lengths (Figure 6.10a) shows that the composite
specimens with CNT-grafted fibres displayed shorter fragment lengths than those
with the primary carbon fibres, resulting in a shift to lower fragment length in
the cumulative distributions (Figure 6.10b). The change of the curve shape in
the cumulative distributions can be attributed to differences in fibre strength
variability (Feih et al., 2004). With constant fibre strength, a shorter fragment
length normally indicates better fibre/matrix adhesion. However, the CNT-
grafting process resulted in a change of the fibre strength, as demonstrated in
the single fibre tensile tests. Therefore, a quantitative study of the apparent
IFSS was carried out using the Kelly-Tyson model and the Weibull fitting to
predict the fibre tensile strength at the critical length (Table 6.6). The oxidation
of carbon fibres gave rise to a slight increase of the IFSS (about 5%), which
can be expected given the favourable changes in the surface area and contact
angle. By grafting the carbon fibres with CNTs, the IFSS increased by around
26%, which can be attributed to the increased surface area, good wettability and
mechanical interlocking of CNTs. The increased IFSS correlated well with the
reduced direct wetting contact angles (Figure 6.11). Presumably, with variations
of the grafting parameters, such as the catalyst deposition and growth time, higher
loadings of CNTs could be obtained on carbon fibres, which should lead to further
improvements in the interfacial properties.
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Figure 6.10: (a) Histogram and (b) cumulative distributions of fragment lengths
for the IM7 carbon fibres.
Table 6.6: Weibull distribution parameters and single fibre fragmentation test
results for the IM7 carbon fibres. The fibre tensile strengths at critical length
were predicted from the Weibull distribution. The standard errors are shown in
brackets.
Fibre
m σ0 σ f d f lc τapp
(MPa) (MPa) (µm) (µm) (MPa)
as-received 8.81 8270 7360 5.2 1750 (40) 12.5 (0.2)
oxidised 9.65 8520 7690 5.2 1650 (30) 13.1 (0.2)
CNT-grafted 6.45 7910 7070 5.2 1310 (40) 15.8 (0.4)
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Figure 6.11: The apparent IFSS plotted as a function of contact angles of PMMA
on the IM7 carbon fibres.
The exposed cross-sections of the fragmentation specimens were characterised
using SEM (Figure 6.12). It was clear that the fracture planes initiated at the
interface between fibre and matrix, regardless of the CNT-grafting.
Figure 6.12: SEM images of the fracture surfaces of IM7 carbon fibre/PMMA
composites (a), (b) without and (c), (d) with CNTs grafted on fibres.
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Figure 6.13: Typical SEM images of the fracture surfaces of IM7 carbon
fibre/epoxy composites (a)-(b) without and (c)-(e) with CNTs grafted on fibres. The
CNTs are indicated by arrows.
In contrast, a cohesive fracture mechanism was observed in the earlier frac-
tographic study of CNT-grafted C320 carbon fibre/epoxy composites (refer to
Figure 6.4, page 125); the failure plane was within the fibres rather than at the
interface. As a comparison, model composites with IM7 carbon fibres in epoxy
were fabricated to study transverse (intralaminar) fracture surfaces (Figure 6.13).
A similar fracture morphology to the PMMA composites was observed, exhibiting
relatively smooth fibre surfaces and fracture planes between fibres and matrix.
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A few nanoparticles were found on the fibre surfaces (Figure 6.13c), which could
be attributed to the residual catalyst particles. CNTs that extend into the matrix
around the fibres were clearly seen (Figure 6.13d-e). The diameter of the carbon
fibres was unchanged after the fracture, demonstrating that no cohesive fracture
had occurred, in this case. The different fracture behaviour between the two types
of carbon fibres could be related to variations in intrinsic fibre microstructure,
CNT-grafting density, or surface damage during the CNT-grafting reaction.
6.3 Summary
The CNT-grafting process resulted in an increase of the BET surface area and
a degradation of the tensile strength for both the C320 and IM7 carbon fibres.
However, the relative magnitude of the effect was much greater in the instance
of C320 carbon fibres, due to variations in the oxidation time and probably the
underlying carbon microstructure. The strength degradation can be attributed to
the dissolution of iron particles into carbon fibres during the high temperature
growth reaction, and correlated with the relatively high CNT-grafting density
and intrinsic properties of the primary fibres. Surface energy estimations
revealed a significant decrease in polarity on the fibres after grafting intrinsically
hydrophobic CNTs on fibre surfaces and this effect could be mitigated to some
extent by a simple thermal oxidation. Contact angles between carbon fibres and
PMMA were directly quantified using a drop-on-fibre method and demonstrated
that the CNT-grafted carbon fibres possesses good wettability by the polymer.
The interfacial properties of model hierarchical composites with different carbon
fibre/matrix combinations were investigated. In the case of push-out testing of
CNT-grafted C320 carbon fibres in epoxy, the IFSS was unchanged, probably due
to a cohesive failure mode. This hypothesis was demonstrated in the fractographic
analysis, showing an unusual cohesive failure within the fibres, consistent with
surface damage by the catalyst metal particles. In all other cases, the IFSS was
significantly increased by grafting CNTs on carbon fibres. Single fibre pull-out
tests on C320 carbon fibres in epoxy showed an IFSS that increased by 60%, whilst
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fragmentation tests yielded an improvement of 26% for IM7 carbon fibre/PMMA
composites, showing the fracture planes at the fibre/matrix interface.
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Characterisation of CNT-Grafted
Silica Fibres and Their Model
Composites
This chapter reports the influence of CNT-grafting on the surface and tensile
properties of silica fibres, the mechanical properties of the polymer matrix and the
interfacial properties of the model composites. The wetting behaviour of PMMA
on CNT-grafted silica fibres is presented and related to the composite interfacial
performance. The impact of the length and morphology of CNTs on the IFSS is
also explored. In addition, the combined in situ AFM/Raman characterisation is
shown to be an efficient tool to determine the distribution and orientation of CNTs
within hierarchical composites.
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7.1 Characterisation of CNT-grafted silica fibres
and their PMMA composites
7.1.1 CNT-grafted silica fibres
For conventional fibre-reinforced polymer composites consisting of unidirectional
lamina, the closest distance between the fibres is less than one fibre diameter when
the fibre volume fraction is around 30% and decreases with increasing volume
fraction (Hull, 1998). Thus, silica fibres grafted with CNTs that have comparable
length with the fibre diameter were selected for the characterisation presented in
this section.
As discussed in Section 4.2.1 (page 82), the morphology and length of the CNTs
can be controlled by varying the growth time. In order to obtain shorter grafting
length, shorter growth times, specifically 12 and 15 min, were used. Figure 7.1
shows that aligned CNTs were successfully grafted onto fibre surfaces. As
expected, the length of the CNT-grafting varied from a few micrometres to a few
tens of micrometres when the growth time was increased from 12 min (CNT(s)-
grafted, Figure 7.1b) to 15 min (CNT(l)-grafted, Figure 7.1c). As the CNTs
became longer, the CNT layer ‘parted’/split (Figure 7.1c), breaking the cylindrical
symmetry. The average diameter of CNTs also increased slightly with growth
time, from around 40 to 50 nm, due to the catalyst ripening during this base
growth process (refer to Section 4.2.1, page 85). After deliberately removing the
grafted CNTs, many particles and pits, with the same diameter as the CNTs, were
observed on the fibre surfaces (Figure 7.1d), demonstrating the catalyst etching
into the fibre substrate.
As shown in Figure 7.2, the BET surface area of silica fibres increased significantly
from 0.12 ± 0.01 initially to 1.10 ± 0.03 and 4.21 ± 0.38 m2/g, after 12 and 15 min
reactions respectively. Based on an average outer diameter of 40 and 50 nm, the
surface area changes implied a CNT-grafting density around 0.1 and 0.6 g/m2 for
the 12 and 15 min growth reactions, respectively.
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Figure 7.1: SEM images of (a) as-received, (b) CNT(s)-grafted and (c) CNT(l)-
grafted silica fibres produced in the (b) 12 and (c) 15 min CNT growth reactions,
respectively, using the ICVD method. (d) Fibre surface after the deliberate removal
of the grafted CNTs. The arrow in (a) indicates the diameter of one fibre.
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Figure 7.2: BET surface areas of the silica fibres. CNT(s)-grafted: after 12 min
CNT growth; CNT(l)-grafted: after 15 min CNT growth.
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7.1.2 Single fibre tensile properties
Table 7.1: Single fibre tensile test results for the silica fibres, determined at
different gauge lengths. The standard errors are shown in brackets. CNT(s)-
grafted: after 12 min CNT growth; CNT(l)-grafted: after 15 min CNT growth.
Fibre
Gauge length Tensile strength Tensile modulus
(mm) (MPa) (GPa)
as-received
15 1080 (30) 57 (1)
25 960 (50) 58 (1)
35 870 (40) 57 (1)
desized
15 900 (50) 63 (1)
25 790 (40) 64 (1)
35 710 (40) 61 (1)
CNT(s)-grafted
15 790 (20) 78 (1)
25 670 (40) 81 (2)
35 570 (30) 79 (2)
CNT(l)-grafted
15 710 (30) 83 (2)
25 600 (20) 77 (1)
35 510 (40) 80 (1)
Single fibre tensile tests of silica fibres, before and after CNT-grafting, were carried
out at three different gauge lengths (Table 7.1 and Figure 7.3). The strength of the
silica fibres slightly decreased after thermal desizing, but much more significantly
by around 30% following the growth of CNTs, an effect that presumably relates to
the surface damage shown in Figure 7.1d (page 142). The fibre strength decreased
further on increasing the growth time from 12 to 15 min, likely due to increasing
catalyst coverage; however, the effect is relatively weak, suggesting that the
formation of the catalyst particles during the incubation period was the dominant
effect, not the carbon extrusion process. Again, the average tensile strength of
all the fibres decreased as the gauge length increased. The Weibull distribution
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Figure 7.3: Single fibre tensile data: (a) strength and (b) modulus plotted as a
function of gauge length for the silica fibres. The Weibull distribution (shown as
lines) in (a) was used to account for the gauge length dependence of the tensile
strength. CNT(s)-grafted: after 12 min CNT growth; CNT(l)-grafted: after 15 min
CNT growth.
was fitted to the experimental data (lines in Figure 7.3a), showing similar trends
for different types of fibres. This phenomenon indicated that the surface damage
was relatively homogeneous, which was consistent with a uniform distribution of
nanoscale pitting over the whole fibre surfaces (refer to Figure 7.1d, page 142).
More surprisingly, a significant increase of the fibre modulus was detected after
the grafting process (Figure 7.3b), from around 60 to 80 GPa. This phenomenon
may be attributed to the polycondensation of silica, i.e. increasing number of bonds
in the amorphous network of silica (Casu et al., 2001), during the high temperature
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grafting reaction; no devitrification was detected by X-ray diffraction studies.
Similar increases in fibre modulus were observed after an equivalent thermal
treatment of fibres, in the absence of both the catalyst precursor and hydrocarbon
source; however, the magnitude of the effect was smaller (from around 60 to
70 GPa).
7.1.3 Wetting behaviour of fibres by polymer matrix
The effect of grafted CNTs on the wetting behaviour of silica fibres was studied
using the drop-on-fibre method; PMMA was used as the wetting agent. For
fibres that are well wetted by the polymer, axially symmetric polymer droplets are
expected to form (Neimark, 1998). The contact angles, determined from the shape
profiles of PMMA droplets (Figure 7.4a-b), showed a decrease from 26.0 ± 1.0◦ to
20.2 ± 1.2◦ after the thermal desizing, indicating better wettability (the sizing was
specifically designed for use with epoxy). As shown in Figure 7.4a-b, the bare fibre
surface adjacent to the wetting droplets can be clearly seen for both the as-received
and desized fibres. In contrast, after CNT-grafting, the fibres were completely
covered by the polymer (Figure 7.4c-d), preventing the determination of contact
angles. The small droplets observed on the fibres grafted with relatively short
CNTs (Figure 7.4c), were simply the most efficient arrangement of excess polymer,
following a full wetting of the CNT layer. As the CNT-grafting became longer, the
polymer was fully accommodated within the CNT layer, forming a uniform wetting
(Figure 7.4d).
The kinetics of the PMMA infiltration into the CNT layer was recorded by
taking pictures every 0.5 s (Figure 7.5). With increasing temperature, PMMA
particles quickly transformed into liquid-like state (Sperling, 2006), forming
polymer droplets around the fibre. Due to the high viscosity of the polymer melt
and the narrow channels within the densely-packed CNT layer, a relatively slow
infiltration process of polymer was observed (the rate-limiting step). Nevertheless,
in the end, driven by the capillary action, the polymer completely infiltrated into
the CNT layer, demonstrating an excellent wettability of the grafted CNTs by
PMMA.
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Figure 7.4: Optical micrographs of typical PMMA droplets formed on (a) as-
received, (b) desized, (c) CNT(s)-grafted (12 min growth) and (d) CNT(l)-grafted
(15 min growth) silica fibres.
Figure 7.5: Time-lapse optical micrographs of the wetting process of CNT(l)-
grafted silica fibres (produced in the 15 min growth reaction) by PMMA.
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7.1.4 Interface characterisation of model composites
Single fibre fragmentation tests were carried out to determine the interfacial prop-
erties between CNT-grafted silica fibres and PMMA. Typical optical micrographs
of the composite specimens after reaching fragmentation saturation are shown
in Figure 7.6. For the composite specimens containing as-received silica fibres
(Figure 7.6a), the fibre fractures did not damage the surrounding matrix and there
was apparent debonding of the interface, typical of a relatively weak interface. In
contrast, a strong interface can lead to damage of the matrix around the fibre
fractures and limit debonding (Feih et al., 2004); this situation was observed in
the CNT-grafted samples (Figure 7.6c-d).
Figure 7.6: Typical dark field optical micrographs of the matrix cracks around (a)
as-received, (b) desized, (c) CNT(s)-grafted (12 min growth) and (d) CNT(l)-grafted
(15 min growth) silica fibres in PMMA after the fragmentation test. The white
areas represent the cracks and the arrows indicate the fragment length.
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The histograms of fragment length (Figure 7.7a) shows that the desizing treatment
resulted in a reduced fragment length. All of the specimens with CNT-grafted
fibres, regardless of CNT length, displayed shorter fibre fragment than the desized
control, leading to a shift to lower fragment length in the cumulative distributions
(Figure 7.7b). As discussed earlier, the decreasing fragment length can be due
to enhanced fibre/matrix adhesion and/or decreasing fibre tensile strength, which
were both affected by the CNT-grafting process.
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Figure 7.7: (a) Histograms and (b) cumulative distributions of fragment length
for as-received, desized and CNT-grafted silica fibres. CNT(s)-grafted: after 12
min CNT growth; CNT(l)-grafted: after 15 min CNT growth.
Thus, a further quantitative study of the IFSS was performed (Table 7.2), using
the Kelly-Tyson model, and fitting a Weibull distribution to predict the fibre
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tensile strength at the critical fragment length. The IFSS was found to increase
dramatically from 9.5 to 24.3 MPa (around 150%), on grafting the silica fibres with
CNTs of a few micrometres in length; the improvement can again be attributed
to the increased surface area, excellent wettability and mechanical interlocking
of CNTs with the matrix. The IFSS obtained was very close to the bulk shear
strength of the matrix, defined as half of their tensile strength (specified as 45 MPa
by the manufacturer). This result suggested that the matrix properties were fully
utilised in the composites, in this case. Interestingly, the shorter CNTs were more
effective at improving the IFSS, with the longer CNTs providing only an 80%
increase. This unexpected result can be attributed to the different morphology
of the grafted CNTs. As mentioned earlier, with longer CNTs, the cylindrical
symmetry was broken (refer to Figure 7.1c, page 142, and Figure 7.8c, page 150),
which was likely to cause uneven stress transfer; on the other hand, the shorter
CNTs, symmetrically accommodated around the fibres, performed more efficiently.
Further investigations of the optimal length and arrangement of grafted CNTs for
reinforcement are warranted.
Table 7.2: Weibull distribution parameters and single fibre fragmentation test
results for the silica fibres. The fibre tensile strengths at critical length were
predicted from the Weibull distribution. The standard errors are shown in
brackets. CNT(s)-grafted: after 12 min CNT growth; CNT(l)-grafted: after 15 min
CNT growth.
Fibre
m σ0 σ f d f lc τIFSS
(MPa) (MPa) (µm) (µm) (MPa)
as-received 6.32 1700 1630 9 820 (10) 9.5 (0.1)
desized 5.17 1590 1620 9 590 (10) 13.6 (0.2)
CNT(s)-grafted 5.12 1350 1540 9 340 (10) 24.3 (0.3)
CNT(l)-grafted 5.86 1110 1220 9 370 (10) 17.0 (0.3)
To explore the nature of the failed interface, the single fibre fragmentation
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specimens were fully fractured in flexure, perpendicular to the fibres, and the
cross-sections were characterised using SEM (Figure 7.8). Similar fracture
mechanisms were observed for both the composites without and with CNTs,
i.e. the fracture plane was at the silica fibre/matrix interface. The CNTs were
completely embedded in the polymer matrix, again demonstrating its excellent
wettability by PMMA. Since the failure is at or near the root of the CNTs, the
adhesion (or shear strength) between the CNTs and the fibres must be good,
greater than that between the matrix and the fibres, given that higher IFSS was
obtained in the case of the CNT-grafted fibres. The complex root structure is likely
to be a benefit in this context, despite the disadvantage of reduced fibre strength.
Figure 7.8: SEM images of the fracture surfaces of silica fibre/PMMA composites
(a), (b) without and (c), (d) with CNTs grafted on fibres (produced in the 15 min
growth reaction). (b), (d) are enlarged views from (a) and (c), respectively.
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7.2 Characterisation of N-doped CNT-grafted sil-
ica fibres and their polyester composites
7.2.1 In situ AFM/Raman characterisation
Owing to their high packing density, straightness, and comparable grafting length
with the silica fibres, N-doped CNT-grafted fibres (refer to Figure 4.10a, page 95,
grafting thickness ∼ 30 µm) were selected for the characterisation presented in
this section. Model hierarchical composites were fabricated by embedding a small
bunch of CNx-CNT-grafted silica fibres in polyester, used as the matrix due to its
lower fluorescence response than epoxy, which allowed the polarised Raman study
to be conducted.
The polished cross-sectional area of the hierarchical composites (see preparation
details in Section 3.10, page 78) was initially examined using AFM. Images
shown in Figure 7.9 are representative of the specimen and can be reproduced
at different magnifications. The topographic image (Figure 7.9a) clearly shows the
silica fibre with bright contrast, suggesting the fibre was approximately 1.5 µm
higher than the polymer region after the polishing process, as expected due to
the higher hardness of the silica material. A region of bright features were
observed around the fibre, showing average roughness approximately 150 nm,
which was about three times higher than that of the remaining polymer region.
The phase-contrast image was generated simultaneously, based on the phase
angle shifts during the scanning, which often correspond in a complex way with
changes in the local properties of the sample surface, such as variations in
composition, adhesion and viscoelasticity. Thus, the detection of phase angle
shifts can provide enhanced contrasts and greater details of images, especially for
heterogeneous and rough surfaces (Sawyer et al., 2007). Well-defined boundaries
of the fibre and some scratching marks introduced during the polishing process
were revealed (Figure 7.9b). As for the CNT-embedded polymer region, significant
changes of the phase contrast were detected (shown as dark spots), which could
be attributed to the different probe-sample interaction and various viscoelastic
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properties between the polymer and CNx-CNTs. The variation in topography may
have also contributed to the phase contrast shifts.
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Figure 7.9: (a) Topographic and (b) phase-contrast AFM images recorded in the
same 30×30 µm area of polyester composites containing CNx-CNT-grafted silica
fibres.
The distribution of CNx-CNTs in the polymer was determined by performing
Raman spectroscopy in the same area. Typical spectra of CNx-CNTs (Figure 7.10a)
were observed in the rough area surrounding the fibre, showing the characteristic
D and G modes (refer to Figure 4.13, page 98). The spectra detected in the pure
polyester region (Figure 7.10b) were consistent with the literature results (Fateley
et al., 1968; Koenig and Shih, 1972). Based on the signal intensity obtained
in the selected ranges (see the red and blue ranges marked in Figure 7.10),
Raman mappings of CNx-CNTs (Figure 7.11a) or polymer (Figure 7.11b) can be
created, clearly presenting the distribution of CNx-CNTs in the polymer. The
fibre appeared dark in both cases since no Raman signal of silica was detected
in the selected ranges. Due to the accidental laser burning of the polymer, higher
intensity of CNx-CNT signal was obtained and resulted in a bright spot shown in
Figure 7.11a. The mappings showed an asymmetric distribution of CNx-CNTs
around the fibre, indicating the splitting of the CNx-CNT array, which was a
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typical phenomenon for the growth of relatively long CNTs on the cylindrical
fibres.
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Figure 7.10: Raman spectra recorded in the polyester region (a) with and (b)
without CNx-CNTs.
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Figure 7.11: Raman mappings recorded in the 30×30 µm area of polyester
composites containing CNx-CNT-grafted silica fibres based on the characteristic
signals of (a) CNx-CNTs and (b) polyester. The splitting point of the CNx-CNT
array is indicated by the arrow in (a).
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It is well accepted that the orientation and alignment of CNTs in the composites is
important for improving the through-thickness performance of composites (Veedu
et al., 2006; Garcia et al., 2008b). Polarised Raman spectroscopy has been reported
as a non-destructive means to measure the CNT orientation, since the Raman
intensity of CNTs is strongly orientation dependent (Haggenmueller et al., 2000).
A preliminary investigation was conducted on the CNx-CNT-grafted silica fibres
using polarised incident laser irradiation. The laser power and integration times
used to record the spectra were identical. As shown in Figure 7.12, a higher signal
intensity was always obtained when the laser polarisation direction was parallel to
the nanotube axis. Moreover, no change of the G/D ratio was observed, suggesting
this ratio was independent on the CNT orientation and alignment, which was
consistent with the previous data shown in the literature (Fischer et al., 2005).
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Figure 7.12: Raman spectra of (a) vertically and (b) horizontally aligned CNx-
CNTs using polarised incident laser irradiation.
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Figure 7.13: Polarised Raman mappings recorded in the 30×30 µm area of
polyester composites containing CNx-CNT-grafted silica fibres using (a) vertically
and (b) horizontally-polarised incident laser. (c) Calculated Raman mapping by
dividing (a) by (b).
Polarised Raman spectroscopy was further applied on the composite specimen.
Based on the characteristic D band* of CNx-CNTs, Raman mappings of the
same area were recorded at different polarisation directions (Figure 7.13a-b). As
mentioned above, the very bright spot below the fibre was due to an accidental
*The G band, around 1580 cm−1, was not selected in this case since the polymer also showed
Raman features in the range of 1550-1600 cm−1
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laser burning. Both Raman mappings clearly showed the distribution of CNx-
CNTs in the polymer matrix, but with different contrast, indicating different
orientation of CNx-CNTs in the specimen. The preliminary orientation study
suggested that higher intensity can be obtained when the laser polarisation
direction was equal to the orientation of CNx-CNTs. By dividing the Raman
intensity recorded at the vertical polarisation direction (Figure 7.13a) by the
horizontal one (Figure 7.13b) for each point, the orientation of the CNx-CNTs could
be deduced from the contrast of the calculated Raman mapping (Figure 7.13c),
which was created based on the intensity ratio, Ivertical /Ihorizontal . Bright
spots above and to the upper left of the silica fibre (indicated by arrows in
Figure 7.13c) occurred when Ivertical /Ihorizontal was larger than 1, suggesting a
vertical alignment of CNx-CNTs at these locations. Conversely, CNx-CNTs with
horizontal alignments gave rise to ratios smaller than 1, showing dark contrast in
the mapping. Thus, the polarised Raman spectroscopy provides a fast and easy
way to estimate the orientation of CNx-CNTs in hierarchical composites, which
could be applied to a variety of pure CNT-grafted fibres and composite systems.
7.2.2 Matrix mechanical properties
In order to study the impact of CNT-grafting on the mechanical properties of the
polymer matrix that surrounds the fibre, nanoindentation tests were conducted
at a constant peak force of 2 mN on the same polyester composite specimen
containing CNx-CNT-grafted silica fibres. A distance of 4 µm was used between
indentations to avoid the hardening effect from previous tests (Ureña et al., 2005).
Figure 7.14a shows the topographic image of the specimen after indentations; an
array of 7×4 indentation imprints was clearly observed between the two fibres,
across the polymer region with and without CNx-CNTs. Based on the recorded
force versus displacement data, the hardness, stiffness and elastic modulus can be
calculated using Equations 3.18, 3.19 and 3.20 (page 79 and 80). The displacement
(i.e. indentation depth) and its standard deviation increased (Figure 7.14b), on
approaching the silica fibres and hence the CNx-CNT rich region. Theoretically,
for a constant force, a smaller displacement suggests a harder specimen. However,
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Figure 7.14: (a) Topographic image of an array of 7×4 indentation imprints on
the polyester composite specimen containing CNx-CNT-grafted silica fibres. (b)
Indentation displacement, (c) contact area, (d) hardness, (e) contact stiffness and
(f) elastic modulus as a function of the distance to fibre.
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in this case, the decrease of the displacement observed close to the fibres was
probably due to the significant surface roughness (approximately 150 nm in the
AFM study), which was comparable to the difference of the displacement detected
at different positions. The extent of the surface roughness likely introduced
errors in determining the displacement and contact area, leading to difficulty in
measuring the hardness (Figure 7.14b-d). The contact stiffness was obtained from
the slopes of the unloading curves, showing an apparent increase on approaching
the fibres (Figure 7.14e). A similar trend was observed for the calculated elastic
modulus (Figure 7.14f), but the magnitude of the effect was smaller due to the
influence of surface roughness. In addition, as shown in the earlier in situ
AFM/Raman study, the distribution of CNx-CNTs around fibres was not perfectly
symmetric due to the splitting during the growth, leading to various CNx-CNT
loading. As a result, a larger standard deviation of the elastic modulus was
obtained in the CNT/polymer region (2.09 ± 0.55 GPa) than for the pure polymer
region (1.67 ± 0.09 GPa). At some locations close to the fibre (e.g. see the last point
in line 2), an increase of 72% of elastic modulus was detected, which could be due
to the higher CNx-CNT loading at that point or the indents hitting the silica fibre.
7.3 Summary
As in the case of the carbon fibres, grafting CNTs on silica fibres resulted in
significant increases of the BET surface area but decreases of the tensile strength,
which can be attributed to the catalyst etching of the fibre surface. In contrast,
the tensile modulus of silica fibres was significantly increased, probably due to
the polycondensation of silica materials at high reaction temperature. Complete
wetting of the CNT-grafted fibres by PMMA was observed, indicating an excellent
wettability of the CNTs themselves. Single fibre fragmentation tests showed that
the IFSS of fibre/PMMA composites can be improved by up to 150% after grafting
silica fibres with CNTs. The improvement of IFSS was also influenced by the
length and morphology of the grafted CNTs; the shorter, symmetrically orientated
CNTs performed more efficiently. As demonstrated by the nanoindentation tests,
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the elastic modulus of the matrix surrounding the fibres was improved by the
CNTs. The combined in situ AFM/Raman technique may prove a useful tool
for the future study of hierarchical composites, providing information of CNT
distribution and orientation around the primary reinforcing fibres. Further tests
using nanoindentation might reveal the local effects on matrix properties that are
likely to be critical to overall hierarchical composite performance.
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8.1 Conclusions
In the present study, the feasibility of reinforcing conventional fibre-reinforced
polymer composites by growing CNTs onto fibre surfaces has been investigated.
The findings from this work provide a better understanding of the growth
mechanism of CNTs on fibres, properties of CNT-grafted fibres and the influence of
the CNT-grafting on composite performance. The synthesis of CNTs on silica fibres
(Silfa) and two types of carbon fibres (C320 and IM7) was realised via the CVD
reaction, after establishing means to incorporate catalyst. The strong dependence
of the morphology, density and alignment of CNTs on the catalyst deposition and
growth parameters was explored. The grafting process caused apparent changes
of the surface area, wetting behaviour and tensile properties of primary fibres.
Improvements of the IFSS were demonstrated for model hierarchical composites
with CNT-grafted fibres, for all primary fibres and polymer matrices. The main
findings of this work are summarised as follows:
• Well-aligned CNTs were grown on silica fibres using the ICVD method; the
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thickness of the grafted CNT layer can be controlled by varying the growth
time. The CNTs were bonded to silica fibres through the catalyst etching;
the size and location of the catalyst implied a base growth mechanism. The
average diameter, as well as the degree of crystallinity, of the CNTs increased
with prolonged growth time due to the catalyst ripening during the reaction.
• Incorporation of a nitrogen-containing precursor in the ICVD reactions
resulted in the growth of CNx-CNTs, which showed a slower growth rate and
a longer induction time. The CNx-CNTs appeared to be more defective due
to the disorder introduced by the nitrogen, which however indicated higher
surface reactivity of the CNx-CNTs.
• The nature surface of carbon fibres was not favourable for the CNT growth
using the ICVD method. As an alternative, CNTs were grafted onto carbon
fibres by pre-coating catalyst for subsequent CVD synthesis; the generality
of this methodology was demonstrated on different types of carbon fibres.
Two methods of catalyst deposition were explored. The incipient wetness
technique was easy to adopt, but an initial oxidation of carbon fibres was
necessary; longer initial oxidation led to a higher CNT density. On the
other hand, better CNT-grafting was obtained on the as-received fibres using
electrochemical deposition, providing potential for scale-up work.
• The effects of different CVD growth parameters on the morphology of CNTs
were investigated. The best growth conditions identified used 10% hydrogen
in the carrier gas (Ar), to prevent carbon overgrowth, and an intermediate
hydrocarbon concentration (1:300-1:200 dilution in the carrier gas). The
reaction temperature strongly affected the solubility of carbon in iron, which
played an important role in the CNT growth.
• The grafting process resulted in degradations of tensile strength, to different
extents, for C320 and IM7 carbon fibres, which can be attributed to the iron
dissolution into carbon fibres. On the other hand, tensile modulus of carbon
fibres was almost unaffected. Similar strength degradation was observed for
161
8.1 CONCLUSIONS
silica fibres. However, the fibre modulus was increased significantly, likely
due to the silica polycondensation.
• After CNT-grafting, the fibre surface area increased in all cases, regardless
of the primary fibre type. The improvement was ranged from three to thirty
five-fold, depending on the grafting density and diameter of the CNTs.
• Surface energy calculations revealed a decrease in polarity on the primary
fibres after grafting intrinsically hydrophobic CNTs, but this effect could
be mitigated to some extent by a simple thermal oxidation. The direct
quantification of polymer wetting on CNT-grafted fibres indicated excellent
adhesion between the CNTs and the polymer, showing an effective polymer
infiltration, driven by the capillary action, into the CNT-grafting layer.
• The impact of the CNT-grafting on the interface performance was revealed
by using a number of micromechanical interface tests, based on different
fibre/polymer systems. In the case of push-out testing of CNT-grafted C320
carbon fibres in epoxy, the IFSS was unchanged, probably due to an unusual
fibre internal failure. In all other cases, the IFSS was significantly increased.
Single fibre pull-out tests on C320 carbon fibre/epoxy composites showed
a 60% increase of the IFSS on grafting CNTs, whilst fragmentation tests
on PMMA composites yielded improvements of 26% and 80-150% for IM7
carbon fibres and silica fibres, respectively. The improvement of the IFSS
was also influenced by the length and morphology of the CNTs; the shorter,
symmetrically orientated CNTs performed more efficiently.
• The local effects of the CNT-grafting on the matrix properties were investi-
gated using nanoindentation; the elastic modulus of the matrix surrounding
the primary reinforcing fibres was improved by the CNTs. The combined in
situ AFM/Raman technique was proved to be a useful tool for providing infor-
mation of CNT distribution and orientation within hierarchical composites.
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8.2 Implications
The present findings demonstrate the potential improvement of hierarchical
composites using CNT-grafted fibres and lend support to further development
to a larger scale. In principle, the methodology developed in this work should
yield CNT-grafted fibres suitable for improving critical engineering properties
of conventional fibre-reinforced composites. At the same time, the excellent
electrical and thermal conductivity of CNTs, superior to that of conventional
reinforcements, enables the CNT-based hierarchical composites to be developed
into a new generation of advanced materials. The concept of creating both
structural and functional hierarchical composites with improved performance is
currently under development. It is desirable to exploit both the mechanical
properties and the electrical and thermal conductivity of CNTs in multifunctional
materials, for example structural supercapacitors, in which the CNT-grafted fibre-
reinforced composites acts simultaneously as a structural component and an
energy storage device. With no doubt, more applications of this hierarchical
structure will come to light in the relatively short term.
8.3 Suggestions for future work
In continuing the research in hierarchical composites with CNT-grafted fibres,
a number of technical and fundamental issues need to be addressed in order to
fully utilise the advantages of this hierarchical structure. The most critical is
to reduce or prevent strength degradation of the primary fibres, which dominate
the composite in-plane performance. Since the surface damage of fibres is mainly
due to the iron dissolution into carbon, alternative catalyst systems need to be
investigated, e.g. nickel (Cesano et al., 2005; Makris et al., 2005), zirconia (Steiner
et al., 2009) and so on. In addition, graphitisation of the CNT-grafted fibres,
i.e. heat treatments at high temperature in inert gas, could probably heal the
structure and strengthen the bonding between the CNTs and the fibres.
As mentioned earlier, CNx-CNTs are reported to possess good chemical reactivity,
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which could improve the interaction with matrices (Ajayan et al., 2005), further
work is required to understand the wetting behaviour of CNx-CNTs and their
impact on the interfacial properties of the hierarchical composites, compared with
that of pure CNTs.
Given that promising improvements have been demonstrated at single fibre level,
consideration must be given to scaling up the process to allow continuous CNT-
grafted fibres to be fabricated. Future work includes assembly of continuous
processing line, for preparation of hierarchical composite tapes/prepregs, and
subsequent processing of composites for mechanical testing, including tension,
compression, shear, and delamination tests. In addition, the effect of the CNT-
grafted fibres on impact resistance and damage tolerance can be assessed.
A radial arrangement of CNTs around fibres is presumably ideal for transverse
reinforcement. Thus, it would be advantageous to have greater control over the
orientation of CNTs in the growth, e.g. under plasma conditions (Boskovic et al.,
2005) and/or by the application of a bias voltage to the substrate (Yang et al., 2003).
In addition, various loading fractions of CNTs in composites can be achieved by
controlling the catalyst density and growth time. The systematic investigation, as
well as modelling, of these factors will answer the questions regarding the ideal
length, distribution and orientation of the CNTs, as the nano-reinforcement for
hierarchical composites.
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Materials
• CNT-grafted silica fibres (produced in the 120 min growth reaction using the
ICVD method, refer to Figure 4.2d, page 83)
• TEM copper grids (2×1 mm Slot copper grids, Agar Scientific Ltd.)
Equipment
• Focused ion beam instrument (FIB 200 TEM, FEI, Inc.)
• Sputter coating machine (K-550X, Emitech Ltd.)
Sectioning Process
Sample Preparation
1. Remove the CNT-grafting from the fibre surface using a razor blade.
2. Attach both ends of the fibre to a partly cut TEM grid using epoxy adhesive
(Araldite rapid adhesive, Bostik Findley Ltd.) (Figure A.1).
3. Pre-coat the specimen with a thin layer of gold (Au) using the sputter coating
machine (2 min deposition time was set at a current of 20 mA, aiming to
obtain the layer thickness around 20 nm).
165
APPENDIX: FIB SECTIONING
Figure A.1: Schematic diagram of the sample preparation for FIB sectioning.
System Startup
1. Vent the FIB system and open the chamber door.
2. Load the sample holder and close the chamber door.
3. Pump down the system. During the waiting time, check the detector settings.
The CDM-E detector should be selected and the number of Collector Grid and
Front End should be +80 Volt and +160 Volt, respectively.
4. Start High Voltage (HV) when the chamber pressure reaches 10−5 mbar.
5. Set Working Distance (FWD) to be 17 mm and use 30 pA as normal beam
power.
6. Determine the stereo-position by adjusting the focus on a small particle
while tilting the sample between 0◦ and 10◦ at different magnifications.
Platinum Coating
1. Start the platinum (Pt) gun heating (normally takes about 7 min).
2. If there are loose CNTs at the area of interest, burn the CNTs by focusing
ion beam with beam power around 100 pA on them.
3. Lower the sample stage by 1000 µm and let in the Pt gun. Then move back
the sample stage to the original position.
4. Select an area of 3×25 µm using the Filled Box tool. As 2-6 pA/µm2 is
required for the Pt coating, 300 pA of beam power is applied.
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5. Start the coating process by selecting the Pt.mag.mtr function until the
target thickness of 1 µm is reached (Figure A.2b).
6. Deselect the Pt.mag.mtr function and remove the Pt gun.
Figure A.2: FIB images showing the sectioning process. (a) A platinum strip of
approximately 1 µm thick was applied over the area of interest to prevent surface
damage. (b)-(d) Coarse milling of the fibre on both sides of the platinum strip using
FIB.
FIB Milling
1. Optimise the focus and increase the beam power to be 500 pA.
2. Use the Filled box tool to perform the coarse milling on the fibre with milling
depth around 2 µm. Due to the cylindrical morphology of the fibre sample,
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tilt the stage -1◦ and +1◦ for the milling on the upper and bottom sides,
respectively, of the Pt strip (Figure A.2c-e).
3. Reduce the beam power to be 100 pA and perform the fine milling at ±0.8◦
tilting angle. The ultimate thickness of the defined area was approximately
100 nm (Figure A.3).
Figure A.3: (a) FIB and (b) TEM images of the silia fibre after the FIB sectioning.
The area with different thickness was marked with different numbers. The
ultimate thickness of the defined area (marked as 1) was approximately 100 nm.
System Shutdown
1. Switch off the Pt heating and HV.
2. Vent the system and take out the sample holder.
3. Close the chamber door and pump down the system.
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